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Introduction

The success of treatment for breast cancer is often limited by the development of drug
resistance. We have described a unique type of resistance induced by the
physiological factors at play within solid tumors. Solid tumors, due to inadequate
vascularization contain microenvironmental regions that are hypoxic and thereby
subject the neoplastic cells in these regions to cellular stress. The cellular response to
this stress then determines cellular susceptibility to therapy. EMT6 mouse mammary
tumor cells treated with hypoxia (paper in appendix) or the chemical stress agent
brefedin A (BFA) induce resistance to agents that inhibit topoisomerase Il (Lin et al,
1998, Brandes et al, 2001). Furthermore, data obtained through the present grant
show that this chemically- and physiologic-induced resistance is mediated in large part
by the nuclear transcription factor NF-kB. The overall scope of the work is to determine
if NF-xB is the mediator of physiologic induced resistance and whether agents which
alter NF-kB activation can alter the effectiveness of topoisomerase |l type drugs.

Body

Tasks 1- 3 from Year 1 were to insert the NF-kB p65 plasmid and then isolate, verify
expression and determine drug resistance in a high and low expressor cell line. We
have inserted both the p65 and p50 subunits into the ponasterone inducible vector
system used previously to inhibit NfkB acivity in cells (for discussion of IkBaM results
in the inducible vector system please see Brandes et al, Molecular Pharm. 2001, copy
found in the appendix ). Our previous data using this system has demonstrated that
ponasterone A did not activate NF-kB in EMT6 cells, did not interfere with stress
induced NF-kB activation, and was not toxic to the cells. Both vector p65 and p50
containing cells and empty vector cells were made for these experiments. Briefly, last
year, we verified that ponasterone induced expression of p65 and p50 using western
blot analysis for protein; showed that the induction of p65 and p50 in the cells led to
enhanced NF-kB activation as measured by luciferase assays, and showed that p65 or
p50 expressing cells were resistant to etoposide and doxorubicin, topoisomerase Il
inhibitors. When either p65 or p50 subunits were expressed, stress-induced activation
of NF-kB was comparable to the unstressed, basal level of NF-kB activation and drug
resistance was lower than in VCT (empty vector) controls. This abrogation of stress-
induced activation was reflected in the lack of stress induced drug resistance during
p65 or p50 expression. This type of result was surprising but has been seen in other
stress pathways. For example, in the UPR pathway, mediated by unfolded protein,
GRP78 (BiP) induction by stress is abrogated if in fact GRP78 is overexpressed
(Dorner et al, 1987).

Additional investigation is required to determine the mechanism behind this finding. It
may be that NF-kB activation by overexpressing either p65 or p50 may have simply
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induced sufficient increases in IKB content in these cells such that stress could not
induce NF-kB activation as efficiently. Indeed, our preliminary expression array data
suggests that in fact IkB is induced during NF-kB activation as expected. We have not
performed any array expression studies after p65 or p50 overexpression.

Task 4 and 5 from Year | concerned comparative experiments using an IkBaM which
was not phosphorylatable and therefore could prevent the activation of NF-kB. The
completed results from these studies are delineated in our paper which was published s
in Molecular Pharmacology. A copy of the paper is in the Appendix. In brief, we
showed that IkBaM expressing cells had similar sensitivities to etoposide as vector only
expressing cells in the absence of stress; that stress would induced similar levels of
drug resistance in both VCT and IkBaM cells (non-induced); that in IkBaM (induced)the
cellular sensitivity to etoposide was similar to that of non-stressed cells and that
biochemical measurements of NF-kB activation correlated with the cellular toxicity data
(expression of IkBaM prevented stress-induced activation of NF-kB). This was true
whether the stress used in the experiments was BFA (brefeldin A), HYP (hypoxia) or
OA (okadaic acid). We conclude from the data from Task 1-5 that stress induced
activation of NF-kB is the likely mechanism by which stress renders tumor cells
resistant to drug induced toxicity.

In year 2, Tasks 1 and 2 were to compare drug resistance in transfected cell lines under
conditions in which varying levels of expression were obtained. The original design
was to isolate and use cloned with various levels of expression. To accomplish this
with the inducible lines, we first attempted to determine if altering the concentration of
inducing agent would alter the degree of resistance or the amount of resistance
reversal that one would obtain. As seen below, our preliminary results with the IkBaM
expressing cell line suggests that this is the case.

Figure A. Amount of
Resistance Reversal is
Dependant upon the
Concentration of the Inducing
Agent. 1kBM cells were
induced for 24 h with varying
concentrations of PON and
then treated with either BFA or
hypoxia. Eight hours after
stress treatment, cells were 0.0
then treated for 1 h with

fold control Iuciferaséé

0 01 1 10 04 1 10
PON (uM)

In addition,




we have begun similar studies with p65 and p50 expressing cells lines as shown below
in Figure B. The data also suggest that the level of resistance is dependent upon the
concentration of ponasterone used for induction of the plasmid.

Figure B. Expression of p65 or p50
Induces Resistance to Etoposide.
Cells were pretreated with varying
concentrations of the plasmid inducing
agent, Ponasterone (PON) for 24 h.
The cells were then exposed to 50
MM etoposide for 1 h and cytotoxicity
was assessed by colony formation.
Cellular sensitivity to etoposide was
dependent upon the amount of
inducing agent used. -

0
PON(uM) 0 01 1 10 0 01 1 10

+ BFA +HYX

In addition, to show that induced activity is dependent upon expression, both western
blot experiments and functional assays of NF-kB activity using the luciferase system
were performed and showed that p65, p50 and IkBM were induced in a dose
dependant manner.




Figure C: Expression of kBMa or p65 or p50 is dependent upon the concentration of ponasterone used to induce the system. |kBMa has three
HA tags and p65 or p50 has a FLAG tag. Cells were induced with various concentrations of ponasterone for 24 h and then coltected for
Westem blot analysis.

Our studies with the pharmacological inhibitor of NF-kB activation, prostaglandin A,,(
PGA, ) have been published in Oncology Research. These studies have
demonstrated that stress treatment did not alter intracellular drug accumulation,
topoisomerase Il protein levels or inhibit topoisomerase Il activity. Both hypoxia and
BFA caused activation of NF-kB. Pretreatment of the cells with PGA, inhibited stress-
induced activation of NF-kB and reversed BFA and hypoxia induced resistance.
Resistance could be reversed when PGA, was given prior to or after the stress. These
data imply that agents like PGA, which can abrogate the activation of NF-kB could be
useful adjuncts to enhance the clinical efficacy of topoisomerase |1 directed
chemotherapeutics. A copy of this manuscript is included in the appendix.

We have begun to determine the downstream signaling pathways that are involved in
mediating resistant phenotype. The rationale behind these experiments is that
understanding the downstream signals may allow us to refine the target. Because NF-
kB is such a general transcription factor and plays a role in so many physiologic
processes, the use of a general inhibitor may lead to a plethora of unintended effects
and toxicities. Our hypothesis is that ER-stress via the ER overload pathway leads to
the induction of a common subset of signals which mediate the resistance and that by
comparing stresses and the reversal of stresses using expression arrays we may be
able to focus in on a relatively small subset of genes. Our preliminary data which has
not been fully analyzed suggests that this is the case. We have used the Affymetrix

7




mouse expression array system to perform initial assessments. Using matrix cross
analyses of hypoxia and BFA with or without induction of IKBM induction, we can
narrow the number of genes that represent the intersection of the two stresses to 40-
60. In addition, initial classifications of the involved genes show that a wide variety of
cell processes including cell cycle, energy metabolism, and apoptosis related genes
may be involved. In addition, cursory inspection of the data show that expected gene
products like IkB are increased during stress (NF-kB activation) and decreased during
expression of IKBM during stress ( inhibition of NF-kB activation). These data are to be
presented, in a poster presentation at the ERA of Hope Meeting in Orlando FL
“Exparession profiling ochemical and physiological stress treated breast tumor cells
reveals a signalig pathway for drug resistance through NfkB activation” and “Expression
profiling reveals a role for TGF-beta and the PDGFRa/MAPK signaling pathway in the
development of stress-induced drug resistance”. Copies of these posters can be found
in the Appendix.

These studies have demonstrated that expression profiling is a useful methodology to
assess complex changes in gene expression provided that additional methods are used
to verify and corroborate the studies. For example, stress via hypoxia and brefeldin A
elevated the expression of IkB as expected, VEGF, and NO synthetase. In addition we
found that TGF-beta was elevated, PDGFRa and MEK 1/ 2 were decreased in
expression profiles. Western blotting demonstrated that TGF-beta protein was
increased, PDGFRa protein was decreased but that MEK1 and MEK2 were unaffected.
However, the phosphorylated form of MEK was decreased. Additional studies with
inhibitors showed that inhibiting TGF-beta, blocking the PDGFRa receptor or inhibiting
the function of phosphorylated MEK all resulted in drug resistance to etoposide. To
determine if these genes might be involved in NFkB dependent resistance, we
assessed the status of these proteins when IkBM was induced in stressed cells.
Induction of IkBM blocked the stress dependant changes in TGF-beta expression,
PDGFRa, and phosphoMEK (see figure D)




Figure D. Western blot analysis of TGF-
beta, PDGFRa and phosphorylated MEK
1/ 2in stressed EMT®6 cells with or without
I KBM induction with ponasterone A.
Protein levels from stressed- induced
empty vector cells (VCT) are shown for
comparison.
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Task 6 from year 1 and Tasks 3 and 4 from year 2 concern the effects of NF-kB
inhibitors on in vivo tumors. Again this year, these studies have not begun. Although it
was initially thought that the contamination of the mice from mouse hepatitis virus would
be easily contained and eliminated, this has proven to be more difficult. The institution
concluded that in order to maintain clean animals it would need to build a barrier facility.
The facility is now complete and can be utilized. We have requested and received a
one year extension of this project to allow us to complete this work.

Key Research Accomplishments

. Demonstrated that the dose dependent induction of the p65, p50 and IkBM
transfected cells by ponasterone resulted in the dose dependent expression of
the proteins and effects on drug resistance to etoposide.

. Showed that dose dependent induction of p65 or p50 cells by ponasterone led to
increased NF-kB activity as measured by elevation of luciferase.

. Used expression arrays to begin to dissect the common downstream pathways
for NF-kB mediated drug resistance.

. Demonstrated that stress induced activation of NF-kB controls TGF-beta
expression in these cells and leads to a signal transduction pathway that
contributes to drug resistance.

. Have identified 40-80 genes that play a possible role in mediating resistance and
resistance reversal.

Reportable Outcomes
Presentations:
.M. Brandes, S. R. Patierno, D.A. Stephan, and K.A. Kennedy, Expression analysis
reveals a role for TGF-beta and the PDGFRa/MAPK signaling pathway in the
development of both chemical and physiologicial induced drug resistace of breast
cancer cells, Proc. Amer Assoc. Cancer Research 53: 5371, 2002

KA Kennedy, LM Brandes, and DA Stephan, Expression profiling of chemical and
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physiologic stress-treated breast tumor cells reveals a signaling pathway for drug
resistance through NF-kB activation, 41 Annual Meeting of the Amer. Soc. for Cell
Biology, Abst. 108, 2001.

Papers:

L. M Brandes, Z.P. Lin, S. R. Patierno, and K.A. Kennedy, Reversal of physiological
stress-induced resistance to topoisomerase Il inhibitors using an inducible
phosphorylation site-deficient mutant of IkBa, Molecular Pharm. 60: 1-9, 2001.

Y.C. Boller, L.M. Brandes, R. L. Russell, Z. P. Lin, S. R. Patierno, and K. A. Kennedy,
Prostaglandin A, inhibits stress-induced NF-kB activation and reverses resistance to
topoisomerase Il inhibitors, Oncology Res. 12: 383-395, 2001.

Cell Lines:

Stable ecdysone inducible expression of p65 in the EMT6 mouse mammary tumor cell
line- EMT6-p65.

Stable ecdysone inducible expression of p50 in the EMT6 mouse mammary tumor cell
line- EMT6-p50.

CONCLUSIONS

Our results show that NF-kB activation by physiologic stress leads to resistance to
topoisomerase |l type drugs including etoposide, teniposide, and doxorubicin.
Pharmacologic agents which interfere with NF-kB activation can reverse resistance
when given before, during or after stress. Genetic manipulation of the IkBa subunit to
block NF-kB activation render the cells completely sensitive to drug during stress.
Overexpression of either the p50 or p65 subunits of the transcription factor also leads to
drug resistance. Furthermore, expression analysis reveals that there is an NF-kB
dependent pathway that directly influences TGF-beta expression that ultimately results
in a decrease in MEK phosphorylation. These results confirmed by western blots
suggest additional inhibitors that interfere with this pathway could alter the drug
resistant phenotype. Indeed, pharmacologic manipulation to mimic these changes
demonstrated that drug resistance was induced; the resistance that was induced was
small suggesting that additional pathways downstream of NF-kB are involved in the
development of the resistant phenotype. Importantly, these data show that NF-kB
expression is sufficient and necessary to cause cells to become resistant to
topoisomerase Il inhibitors. Manipulation of tumor NF-kB activation or manipulation of
the downstream signaling events arising from NF-kB activation should lead to altered
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responsiveness to topoisomerase |l inhibitors.

REFERENCES:
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9, 2001.

Y.C. Boller, L.M. Brandes, R. L. Russell, Z. P. Lin, S. R. Patierno, and K. A.
Kennedy, Prostaglandin A, inhibits stress-induced NF-kB activation and reverses
resistance to topoisomerase Il inhibitors, Oncology Res. 12: 383-395, 2001.

LM Brandes, DA Stephan, and KA Kennedy, Expression profiling reveals a role
for TGF-B and the PDGFRa/MAPK signaling pathway in the development of
stress-induced drug resistance, Era of Hope Meeting, September 2002.

LM Brandes, DA Stephan, K. Peterson, and KA Kennedy, Expression profiling of
chemical and physiological stress treated breast tumor cells reveals a signaling
pathway for drug resistance through NF-kB activation, Era of Hope Meeting,
September 2002.
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ABSTRACT

Physiological stress conditions associated with the tumor mi-
croenvironment play a role in resistance to anticancer therapy.
In this study, treatment of EMT6 mouse mammary tumor cells
with hypoxia or the chemical stress agents brefeldin A (BFA) or
okadaic acid (OA) causes the development of resistance to the
topoisomerase Il inhibitor etoposide. The mechanism of phys-
iological stress-induced drug resistance may involve the acti-
vation of stress-responsive proteins and transcription factors.
Our previous work shows that treatment with BFA or OA causes
activation of the nuclear transcription factor NF-«B. Pretreat-
ment with the proteasome inhibitor carbobenzyoxyl-leucinyl-
leucinyl-leucinal inhibits stress-induced NF-«B activation and

reverses BFA-induced drug resistance. To test whether NF-«B
specifically mediates stress-induced drug resistance, an induc-
ible phosphorylation site-deficient mutant of IkBa (IkBaM, $32/
36A) was introduced into EMT6 cells. In this study, we show
that IkBaM expression inhibits stress-induced NF-«B activation
and prevents BFA-, hypoxia-, and OA-induced resistance to
etoposide. These results indicate that NF-«B activation medi-
ates both chemical and physiological drug resistance to eto-
poside. Furthermore, they imply that coadministration of agents
that inhibit NF-xB may enhance the efficacy of topoisomerase
Il inhibitors in clinical cancer chemotherapy.

Solid tumors often have irregular and inadequate vascu-
larization because of the uncontrolled cellular growth asso-
ciated with tumor formation. Inadequate blood flow creates
cell subpopulations within tumors that are hypoxic and/or
glucose-deprived (Vaupel et al., 1989). These physiological
stress conditions can result in tumor subpopulations with
altered biochemical properties. Alterations such as decreased
growth fraction or enhanced DNA repair can result in the
development of intrinsic resistance against topoisomerase
II-directed anticancer agents (Shen et al., 1987). Resistance
to topoisomerase II inhibitors can also be induced by chemi-
cal stress agents that cause the inhibition of protein glyco-
sylation, release of intracellular calcium stores, or disruption
of endoplasmic reticulum (ER)-to-Golgi transport (Hughes et
al., 1989; Lin et al., 1998). Taken together, these results
suggest that physiological-based chemotherapeutic resis-
tance may involve the induction of cellular stress pathways.

This work was supported in part by Army Breast Cancer Initiative Award
#99-1-9186 (to K.A.K.) and by a faculty research enhancement award from the
George Washington University Medical Center (to K.AK.).

1 Current address: Department of Pharmacology, Yale University School of
Medicine, New Haven, CT 06520.

Under chemical or physiological stress conditions, ER func-
tion is often compromised because of the accumulation of
normally folded proteins in the ER (Pahl and Baeuerle,
1997). High ER protein levels activate a cellular stress path-
way known as the ER-overload response (EOR). In this path-
way, ER protein overload causes the release of intracellular
Ca?", formation of reactive oxygen intermediates, and acti-
vation of the nuclear transcription factor NF-«B (Pahl and
Baeuerle, 1997). Evidence now shows that physiological and
chemical stress agents that result in drug resistance cause
the activation of the EOR pathway and the transcription
factor NF-«B (Hughes et al., 1989; Pahl and Baeuerle, 1997
Lin et al.,, 1998). NF-kB is a heterodimeric transcription
factor usually composed of the p65 and p50 DNA-binding
subunits (Urban et al., 1991). Under most circumstances,
NTF-«B is in an inactive state, bound to an inhibitory protein,
1«B, in the cytosol. Three major isoforms of IxB have been
identified, of which IkBea is believed to be the predominant
form (Tran et al., 1997). To activate NF-«B, IxBa is phos-
phorylated, ubiquitinated, and then degraded by protea-
somes (Henkel et al., 1993). Point-mutation analysis has
shown that IkBa is specifically phosphorylated at two resi-

ABBREVIATIONS: ER, endoplasmic reticulum; EOR, endoplasmic reticulum-overload response; NF-kB, nuclear factor-«B; BFA, brefeldin A; OA,
okadaic acid; MG-132, carbobenzyoxyl-leucinyl-leucinyl-leucinal; EMSA, electrophoretic mobility shift assay; HA, hemagglutinin; IxBaM, S32/36A
mutant inhibitory nuclear factor-«B protein a; VCT, vector lacking 1«BaM insert; TBST, Tris-buffered saline/Tween 20; BSA, bovine serum albumin;
ANOVA, analysis of variance; UPR, unfolded protein response.
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dues, serines 32 and 36, and phosphorylation site-deficient
mutants are incapable of activating NF-«B (DiDonato et al.,
1996). Degradation of IxB exposes a nuclear localization se-
quence that allows the translocation of NF-«B into the nu-
cleus, where it then binds to B motifs in promoter regions
and directs the transcription of NF-xB-sensitive genes (Har-
haj and Sun, 1999).

In addition to its role in cellular stress responses, NF-«xB
activation is known to protect cells from apoptosis. NF-«B
activation suppresses the activation of caspase-8 through the
regulation of tumor necrosis factor receptor-associated factor
protein and inhibitor of apoptosis protein (Wang et al., 1998)
and prevents cytochrome c release through activation of A1/
Bfl-1, a Bel-2 family member (Wang et al., 1999). Inhibition
of NF-«B activation with expression of a mutant I«xBx sensi-
tizes tumor cells to apoptotic death by tumor necrosis factor,
paclitaxel, and daunorubicin (Wang et al., 1996; Batra et al.,
1999; Huang et al., 2000). Mutant IkB« expression in vivo
significantly reduces growth of head and neck squamous cell
carcinoma (Duffey et al., 1999) and sensitizes chemoresistant
tumors to the toxic effects of camptothecin (Cusack et al.,
2000). These results suggest that physiological stress-in-
duced NF-«B activation may modulate the expression of ap-
optosis genes and that inhibition of NF-xB activation may
prevent stress-induced drug resistance.

We have shown that EMT6 mouse mammary tumor cells
treated with the chemical stress agents brefeldin A (BFA) or
okadaic acid (OA) causes NF-«B activation and resistance to
the topoisomerase II inhibitor teniposide (Lin et al., 1998).
Treatment with BFA disrupts protein transport from the ER
to the Golgi apparatus and causes activation of the EOR
response (Pahl and Baeuerle, 1997). OA treatment inhibits
the PP1 and PP2A phosphatases, resulting in phosphoryla-
tion of IkB and NF-«B activation (Trevenin et al., 1990). We
have also shown that pretreatment with the proteasome in-
hibitor MG-132 inhibits NF-«B activation induced by BFA
and reverses BFA-induced resistance to teniposide (Lin et al.,
1998). In the present study, we show that BFA, hypoxia, and
OA induce resistance to the clinically relevant topoisomerase
II inhibitor etoposide. We tested whether specific inhibition
of NF-«B with the phosphorylation site-deficient mutant of
IxBa (IkBaM, S32/36A) prevents stress-induced NF-«B acti-
vation and reverses BFA, hypoxia-, and OA-induced resis-
tance to etoposide. Our results show that NF-«xB is a key
mediator of both chemical and physiological resistance to
etoposide.

Materials and Methods

Cell Culture. EMT6 mouse mammary tumor cells, provided by
Dr. Sara Rockwell (Yale University, New Haven, CT), were grown in
a monolayer in Waymouth’s MB 752/1 medium with 1-glutamine
(Invitrogen, Carlsbad, CA) supplemented with 15% fetal bovine se-
rum (Sigma, St. Louis, MO), 100 units/ml streptomycin, and 25
ug/ml gentamicin sulfate (Biofluids, Rockville, MD). Cells were
maintained in a humidified atmosphere of 5% C0,/95% air at 37°C
and passaged every 3 to 4 days.

Reagents and Treatments. Brefeldin A (Sigma) was dissolved
in 70% ethanol to a concentration of 10 mg/ml and stored at 4°C. For
electrophoretic mobility shift assay (EMSA) and luciferase assays,
cells were exposed to 10 ug/ml BFA for 2 h and then incubated for 2 h
in BFA-free media. For colony-forming assays, cells were exposed to
BFA for 2 h and then incubated in BFA-free media for an additional

6 h. Okadaic acid (Calbiochem, La Jolla, CA) was kept at a concen-
tration of 100 uM in dimethyl sulfoxide and stored at —20°C. Cells
were treated with 60 nM OA for 8 h in all experiments. Etoposide
(Sigma) at 100 1M in dimethyl sulfoxide was stored at ~20°C. Cells
were treated with 10 to 50 uM etoposide 1 h before clonogenicity
assay. Ponasterone A (Invitrogen) was rehydrated in 70% ethanol to
a concentration of 10 mM and stored at —20°C. For all experiments,
cells were treated with 10 uM ponasterone A for 24 h to obtain
maximal expression of IxBaM. For all assays involving hypoxia, cells
were grown in 75-cm? glass flasks for 48 h and then exposed to
continuous hypoxia as described previously (Rockwell et al., 1982) for
either 2 h (EMSA and luciferase assays) or 8 h (colony-forming
assays). For EMSA and luciferase assays, the length of stress treat-
ment was chosen to correspond with the time of maximal stress-
induced NF-«B activation as determined previously (Lin et al., 1998:;
data not shown).

Inducible IxBaM Transfection. EMT6 cells were stably trans-
fected with a phosphorylation site-deficient mutant of IxBa (IkBaM,
S32/36A, provided by Dr. Michael Karin, University of California,
San Diego), which also contains three hemagglutinin (HA) tags (Di-
Donato et al., 1996) or a control vector lacking IxBaM (VCT) using
the ecdysone-inducible expression system (Invitrogen). The IxkBaM
gene was first ligated into the inducible plasmid pIND to create the
pIND-IkBaM plasmid. The other plasmid in the system, pVgRXR,
encodes a modified ecdysone receptor and retinoid X receptor that
dimerize in the presence of the inducing agent, ponasterone A, and
binds response elements on the pIND plasmid. For transfection,
EMTS6 cells were seeded at a density of 3 to 4 X 10* cells/ml in 25-cm?2
flasks and were grown for 20 h. Cells were transfected for 1 h with 1
pg of pIND or pIND-IkBaM plasmid, 5 ug of pVgRXR plasmid, and
36 ul lipid transfection reagent (TransFast; Promega, Madison, WI)
in 2.5 ml of serum-free Waymouth’s media. Transfected cells were
then seeded in 100 mm? tissue-culture dishes and treated with 400
ug/ml hygromycin B (Invitrogen) to select for incorporation of the
PIND vector. Selected clones were screened by Western blot and
luciferase assay for inducible IxkBaM expression. Cell lines were
maintained in Waymouth’s media containing 400 ug/ml hygromycin
and grown in Waymouth’s media without hygromycin for 40 h before
experimentation.

Western Blot Analysis. Cells were seeded in 100-mm? dishes
and grown for 18 h. After treatment with ponasterone A, total cell
lysates were collected by homogenizing cell pellets in 100 ul of 1x
SDS sample buffer (125 mM Tris-HCI, pH 6.8, 5% glycerol, 2% SDS,
and 0.006% bromphenol blue). Protein lysate (20-100 pg) was mixed
with 2x SDS (250 mM Tris-HC], pH 6.8, 10% glycerol, 4% SDS,
0.012% bromphenol blue, and 2% B-mercaptoethanol), separated on
a 8DS-polyacrylamide gel (4% stacking gel, pH 6.8; 10% resolving
gel, pH 8.8; 30:0.8 acrylamide/bisacrylamide), and transferred to a
nitrocellulose membrane by electrophoresis. After transfer, the
membrane was blocked in 1x TBST (10 mM Tris-HCI, pH 7.5, 100
mM NaCl, and 0.1% Tween 20) with 1% bovine serum albumin (BSA)
and then probed with an anti-IkBa antibody (C21; Santa Cruz Bio-
chemicals, Santa Cruz, CA) diluted 1:1000 in 1X TBST with 1% BSA
overnight at 4°C. The membrane was then washed with 1x TBST
and incubated with an horseradish peroxidase-conjugated IgG anti-
rabbit secondary antibody (1:10,000 dilution in 1x TBST with 1%
BSA) for 1 h at room temperature. Immunoreactive bands were
observed with enhanced chemiluminescent reagent (Pierce Chemi-
cal, Rockford, IL). After observation, the membrane was incubated in
stripping buffer (62.5 mM Tris-HCIl, pH 6.8, 2% SDS, and 0.67%
B-mercaptoethanol) at 50°C for 30 min, washed in 1x TBST for 1 h,
and probed again with anti-HA and anti-actin primary antibodies
(Santa Cruz Biochemicals).

Transient Transfection and Luciferase Reporter Gene As-
say. We obtained a luciferase reporter plasmid, pTk-(xB)g-Luc (pro-
vided by Dr. Heike Pahl, University Hospital, Freiburg, Germany),
that contains six NF-xB binding sites (kB elements) upstream of a
minimal thymidine kinase promoter (Bachelerie et al., 1991). Cells




were seeded at a density of 3 to 4 X 10* cells/ml in 60-mm? dishes or
25-cm? flasks and grown for 20 h. Cells were transfected with 2.5 ml
of serum-free Waymouth’s media containing 3 pg of the luciferase
reporter plasmid and 1 ug of pcDNA3.1-lacZ (Invitrogen) in 12 ul of
reagent (TransFast; Promega). After drug treatments, cells were
lysed for 15 min at room temperature in 400 ul of reporter lysis
buffer (Promega) and cleared of cell debris by centrifugation. For the
luciferase assay, 100 pl of luciferase assay reagent containing lucif-
erol (Promega) was added to 20 pl of cell lysate. Light emission was
measured using a Beckman scintillation counter using the single-
photon monitor mode over a 1-min interval. Cells were also assayed
for lacZ expression to correct for differences in transfection effi-
ciency. Cell lysate (100-150 ul) was mixed with and equal amount of
2X assay buffer containing o-nitrophenyl-B-D-galactopyranoside
(Promega) and incubated for 2 h at 37°C. Absorbance was measured
at 420 nm was measured, and the relative B-galactosidase activity
for each sample was used to normalize luciferase activities.

EMSA. EMSA was performed as described previously (Lin et al,,
1998). Briefly, cells were seeded at a density of 3 to 4 X 10* cells/ml
in 150-mm?2 dishes or 150-cm? glass flasks. After drug treatment,
cells were lysed in 100 ul of lysis buffer (10 mM HEPES, pH 7.9, 1
mM EDTA, 60 mM KCl, 1 mM dithiothreitol, 0.5% Nonidet P-40, 0.5
mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluo-
ride) for 5 min at 4°C. Cell nuclei were separated by centrifugation at
5000 rpm for 5 min at 4°C, washed with 500 ul of washing buffer (10
mM HEPES, pH 7.9, 1 mM EDTA, 60 mM KCl, 1 mM dithiothreitol,
0.5 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl
fluoride), and broken by three freeze-thaw cycles. To construct the
probe, 3.5 pmol of oligonucleotide containing the NF-xB consensus
sequence (Promega) was incubated with 1 ul of [y-**PIATP (10 mCi/
ml, 6000 Ci/mmol; Amersham Pharmacia Biotech, Arlington
Heights, IL), 5 units of T4 polynucleotide kinase (Promega), and 10
ul of end-labeling buffer at 37°C for 1 h and then terminated with 90
ul 1X Tris/NaCVEDTA buffer (Sigma) and passed through a G-25
spin column (Worthington Biochemicals, Freehold, NdJ). Nuclear pro-
tein extract (15-20 ng) was incubated with 3 ug of poly dI - dC and
0.035 pmol of radiolabeled oligonucleotide (100,000-200,000 cpm) in
binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM
EDTA, 1 mM MgCl,, 0.5 mM dithiothreitol, and 4% glycerol) at room
temperature for 20 min and separated on a nondenaturating 6%
polyacrylamide gel (30:1 acrylamide/bisacrylamide, 0.5X Tris/bo-
rate/EDTA, and 2.5% glycerol). The resulting gel was transferred to
filter paper, dried under vacuum pressure, and exposed to X-ray film.

Colony-Forming Assay. Cells were seeded in 25-cm? plastic
flasks or 75-cm? glass flasks at a density of 3 to 4 X 10* cells/ml and
grown for 18 to 40 h before treatment. VCT and I«kBaM cells were
treated with ponasterone A 24 h before colony assay, with stress 8 h
before colony assay, and with 10 to 50 uM etoposide 1 h before colony
assay. After drug treatments, cells were harvested with trypsin and
serially diluted in Waymouth’s medium, as described previously (Lin
et al., 1998). After 7 to 10 days, colonies were stained with 0.25%
crystal violet and counted. For each treatment, the percentage of
control cell survival was determined by dividing the cell survival of
drug-treated cells by the cell survival of appropriate nontreated or
solvent-treated cells.

Statistics. For colony-forming assays, the results shown are the
average percentage of control survival = S.E.M. from three to five
independent experiments, with three replicates per experiment. For
luciferase assays, the results shown are the relative control lucif-
erase activity + S.E.M. from three to five independent experiments.
Statistically significant changes in these data were determined using
one-way ANOVA with multiple comparisons performed using Bon-
ferroni’s test using p < 0.05 (Motulsky, 1995).

Results

Treatment with BFA, Hypoxia, and OA Induce Resis-
tance to Etoposide. Chemical and physiological stress con-
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ditions are known to activate ER stress pathways and induce
resistance to topoisomerase II inhibitors (Hughes et al., 1989;
Lin et al., 1998). We first determined the effect of the ER
stress agents BFA, hypoxia, and OA on the clonogenic sur-
vival of etoposide-treated EMTS6 cells. Cells were exposed to
hypoxia for 8 h, 60 nM OA for 8 h, or 10 ug/ml BFA for 2 h,
followed by recovery in BFA-free media for 6 h. Etoposide at
various concentrations was added during the last hour of
stress treatment before analysis by colony-forming assay.
Plating efficiencies were corrected for survival changes
caused by treatment with BFA (plating efficiency = 110% of
control), hypoxia (plating efficiency = 80% of control), or OA
(plating efficiency = 38% of control). Figure 1 shows that
pretreatment with BFA, hypoxia, or OA causes greatly en-
hanced cell survival in the presence of etoposide compared
with nonstressed cells. These data suggest that the chemical
and physiological conditions known to activate the EOR
pathway induce resistance to etoposide.

Inducible IkBaM Expression in EMT6 Cells. We and
others have shown that chemical and physiological stress
agents that cause ER stress lead to the activation of NF-«xB
(Lin et al., 1998; Pahl and Baeuerle, 1997). Furthermore,
inhibition of NF-«B is known to enhance the toxicity of can-
cer chemotherapeutics (Wang et al., 1996; Batra et al., 1999;
Cusack et al., 2000; Huang et al., 2000) and reverse stress-
induced drug resistance (Lin et al., 1998). Therefore, we
hypothesized that BFA, hypoxia, and OA cause resistance to
topoisomerase II inhibitors through the activation of NF-«B.
To test this hypothesis, we selected EMT6 cells transfected
with either a phosphorylation site-deficient mutant of IxBa
(IkBaM) or a control vector lacking IxkBaM (VCT) using the
ecdysone-inducible expression system. After selection in hy-
gromycin, we screened transfectants by using Western blot
analysis for expression of IxBaM after treatment with the
inducing agent, ponasterone A.

The IxkBaM we obtained also contains three HA tags (Di-
Donato et al., 1996), which cause the mutant protein to
migrate more slowly than wild-type IkBa when analyzed by
gel electrophoresis. Figure 2 shows that both VCT cells
treated with ponasterone A and noninduced IkBaM cells
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Fig. 1. Brefeldin A, hypoxia, and okadaic acid treatment cause resistance
to etoposide toxicity. EMT6 cells were treated with either 10 pg/ml
brefeldin A (BFA) for 2 h followed by a BFA-free recovery for 6 h, hypoxia
(HYX) for 8 h, or okadaic acid (OA) for 8 h. Etoposide (10, 25, or 50 uM)
was added during the last hour of stress treatment before analysis by
colony-forming assay. The toxicity of etoposide in nonstressed cells (CON)
is also shown. Results shown are the mean percentage of control cell
survival = S.E.M. from three to five independent experiments.




562

Brandes et al.

express levels of wild-type IxkBa comparable with that of
nontransfected EMT6 cells. However, IkBaM cells treated
with ponasterone A for 24 h express the slower-migrating
IxkBaM only. We confirmed these findings by reprobing these
blots with an anti-HA primary antibody (Fig. 2). Only pon-
asterone-induced IkBaM cells express protein that is immu-
noreactive to the anti-HA antibody. The absence of wild-type
IxBe in extracts from induced IxkBaM cells may be explained
by the rapid association and dissociation of NF-xB/IxBa com-
plexes (Schmid et al., 2000). Over the 24 h of ponasterone A
treatment, NF-«B/IxkBaM complexes become prevalent be-
cause IxBaM is not sensitive to IxB kinases and subsequent
proteasome degradation (DiDonato et al., 1996). I«Ba that is
not bound to NF-«B, as a result of increasing competition
with IkBaM, is degraded (Henkel et al., 1993) and therefore
is not present at levels sufficient for detection by Western
blot analysis.

IxBaM Prevents Stress-Induced Activation of NF-«B.
To determine whether the expressed IxBaM was functionally
active, we tested whether I«xBaM expression could inhibit
NF-«B activation. Cells were exposed to BFA, hypoxia, or OA
stress, and nuclear extracts were prepared at times shown
previously to correspond with maximal stress-induced NF-«xB
activation (hypoxia for 2 h, 60 nM okadaic acid for 8 h, or 10
ug/ml BFA for 2 h, followed by 2 h in BFA-free media) (Lin et
al., 1998) and assayed for the presence of free NF-«B by
EMSA. Our results show that BFA, OA, and hypoxia all
induce NF-«B activation in both VCT cells treated with pon-
asterone A and noninduced IxkBaM cells (Figs. 3A and 4A). In
our results, two bands of specific binding are detectable,
which others have suggested are the p65/p50 (upper band)
and p50/p50 forms (lower band) of NF-«kB (Conant et al.,
1994). I«kBaM cells pretreated with ponasterone A, however,
had greatly reduced levels of BFA-, OA-, and hypoxia-in-
duced NF-«B activation (Figs. 3A and 4A). To demonstrate
the specificity of DNA binding, we performed competition
experiments with nonlabeled NF-kB or AP-1 oligonucleo-
tides. Figures 3B and 4B show that the addition of a 50-fold
excess of NF-«B oligonucleotide effectively blocks the specific
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Fig. 2. Western blot analysis of inducible IkBaM expression. EMT8 cells
(EMT6) were transfected with either pIND and pVgRXR (VCT) or
pPVgRXR and pIND-IxBaM (IkBaM). The I«kBaM also contains three HA
tags, which increase the molecular weight of IxBaM relative to wild-type
IxBa. After treatment with 10 4M ponasterone A (PON) for 24 h, whole-
cell lysates were collected and analyzed by Western blot. The resulting
membranes were probed with anti-I«Ba (top), anti-HA (middle), and
anti-actin (bottom) primary antibodies. Shown is a representative blot
from one of three independent experiments.

interactions of NF-«B with the radiolabeled probe. The AP-1
oligonucleotide is the same length as the NF-«B oligonucle-
otide, but it is otherwise not related in sequence identity. The
addition of a 50-fold excess of AP-1 oligonucleotide resulted
in no change in binding of NF-«B to the labeled probe (Figs.
3B and 4B). Taken together, these results show that BFA,
OA, and hypoxia activate NF-«xB and that IkBaM expression
prevents stress-induced formation of free NF-«B in the nu-
cleus.

To test whether IxBaM expression inhibits NF-«B func-
tion, we transiently transfected cells with an NF-kB—sensi-
tive luciferase reporter plasmid, pTk-(kB)s-Luc. This plasmid
contains a luciferase reporter gene downstream of a thymi-
dine kinase promoter with six «B binding sites for NF-«xB
(Bachelerie et al., 1991). After transfection, cells were treated
with ponasterone A to induce IkBaM expression and then
were stress-treated (in the presence of ponasterone A) with
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Fig. 3. A, I«kBaM expression prevents chemical stress-induced activation
of NF-«B. VCT and IkBaM cells were treated with 10 uM ponasterone A
(PON) for a total of 24 h. VCT, IxkBaM, and nontransfected EMTS cells
(EMT6) were stress-treated in the presence of PON with 10 pg/ml brefel-
din A (B or BFA) for 2 h, followed by a BFA-free recovery for 2 h or 60 nM
okadaic acid (OA) for 8 h (stress treatments previously shown to cause
maximal NF-«B activation). After drug treatments, nuclear extracts from
stress-treated and nonstressed (C) cells were harvested and analyzed by
EMSA using a *?P-labeled NF-xB oligonucleotide. Specific binding of
NF-«B to the probe (NF-«B), nonspecific binding (N.S.), and unbound
probe (free probe) bands are indicated. B, specificity of NF-«xB binding by
competition assay. Nuclear extracts from nonstressed (CON), BFA-, and
OA-treated cells were incubated with oligonucleotide in the presence of a
50-fold excess of either unlabeled NF-«xB or AP-1 oligonucleotide (NF-«xB
comp. and AP-1 comp., respectively).



either hypoxia for 2 h, 60 nM OA for 8 h, or 10 ug/ml BFA for
2 h, followed by a 2 h recovery in BFA-free media (time points
shown previously to correspond with maximal stress-induced
NF-«B activation). Cells were lysed, collected, and analyzed
for luciferase expression by determining the light emission
per sample in the presence of luciferol substrate. The relative
luciferase activity obtained is indicative of the relative
amount of functional NF-«B for a given drug treatment.
Figure 5 shows that treatment of EMT6 cells with BFA,
hypoxia, or OA results in a marked increase in luciferase
activity compared with activity observed in nonstressed cells
(Fig. 5, A and B). VCT cells treated with ponasterone A and
noninduced IkBaM cells had similar increases in luciferase
activity with stress treatment (Fig. 5, A and B). In contrast,
IkBaM cells treated with ponasterone A had significantly
less BFA-, hypoxia-, and OA-induced luciferase activity (Fig.
5, A and B). These results suggest that IxBaM expression
blocks the formation of stress-induced free nuclear NF-«B
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Fig. 4. A, IkBaM expression prevents hypoxia-induced activation of NF-
xB. VCT and I«BaM cells were treated with 10 M ponasterone A (PON)
for 24 h. VCT, IxkBaM, and nontransfected EMT6 cells (EMT6) were then
stress-treated with hypoxia (HYX) for 2 h (a stress treatment previously
shown to cause maximal NF-«B activation). After drug treatments, nu-
clear extracts were harvested and analyzed by EMSA using a 3?P-labeled
NF-«B oligonucleotide. Specific binding of NF-«B to the probe (NF-«B),
nonspecific binding (N.S.), and unbound probe (free probe) bands are
indicated. B, specificity of NF-«xB binding by competition assay. Nuclear
extracts from nonstressed (CON) and hypoxia-treated cells were incu-
bated with oligonucleotide in the presence of a 50-fold excess of either
unlabeled NF-«B or AP-1 oligonucleotide (NF-«B comp. and AP-1 comp.,
respectively).
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and prevents enhanced NF-«B trans-activation caused by
stress treatment.

IxBaM Expression Does Not Alter Etoposide Cyto-
toxicity in the Absence of Stress. Recent studies have
reported that inhibition of NF-«kB activation enhances the
toxicity of anticancer agents (Wang et al., 1996; Batra et al,,
1999; Cusack et al., 2000; Huang et al., 2000). To determine
the effects of IkBaM expression on etoposide cytotoxicity in
the absence of stress, VCT and IxBaM cells were induced
with ponasterone A for 24 h and then treated with etoposide
for 1 h before analysis by colony-forming assay. Figure 6
shows that VCT cells treated with ponasterone A, nonin-
duced IkBaM cells, and IkBaM cells treated with ponaster-
one A did not have significant changes in cell survival in the
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Fig. 5. IkBaM expression inhibits stress-induced NF-«B transactivation.
EMTS6, VCT, and IkBaM cells were transiently transfected with a NF-
xB-sensitive luciferase reporter gene. After transfection, cells were
treated with 10 uM ponasterone A (PON) for a total of 24 h to induce gene
expression. Cells were stress-treated in the presence of M ponasterone A
with either 10 ug/ml brefeldin A (BFA) for 2 h followed by a recovery in
BFA-free media for 2 h, hypoxia (HYX) for 2 h (A), or 60 nM okadaic acid
(OA) for 8 h (B) (time points previously shown to cause maximal NF-«B
activation). Results shown are the average fold-control luciferase activi-
ties from three to five independent experiments. Bars, S.E.M. *, a statis-
tically significant decrease in luciferase activity was observed in BFA-
treated IkBaM cells induced with PON compared with noninduced BFA-
treated IxkBaM cells. 1, a statistically significant decrease in luciferase
activity was observed in hypoxia-treated IxkBaM cells induced with PON
compared with noninduced HYX-treated IxBaM cells. #, a statistically
significant decrease in luciferase activity was observed in OA-treated
IxkBaM cells induced with PON compared with noninduced OA-treated
IxkBaM cells (p < 0.05, ANOVA).




564

Brandes et al.

presence of etoposide compared with nontransfected EMT6
cells.

IxBaM Expression Prevents BFA-, Hypoxia-, and OA-
Induced Resistance to Etoposide. Our preliminary data
with the proteosome inhibitor MG-132 suggested that inhi-
bition of NF-xB activation could reverse stress-induced resis-
tance (Lin et al., 1998). To determine whether NF-«B activa-
tion mediates stress-induced drug resistance, we assessed
whether I«kBaM expression could prevent BFA-, hypoxia-,
and OA-induced resistance to etoposide. IkBaM cells were
treated first with ponasterone A for 18 h and then with a
stress treatment of hypoxia for 8 h, 60 nM OA for 8 h, or 10
pg/ml BFA for 2 h, followed by a recovery for 6 h in BFA-free
media (in the continued presence of ponasterone A). During
the last hour of stress, cells were treated with etoposide
before analysis by colony-forming assay. Figure 7 shows that
noninduced IxBaM cells treated with BFA (Fig. 7A), hypoxia
(Fig. 7B), or OA (Fig. 7C) are resistant to the cytotoxic effects
of etoposide. Etoposide cytotoxicity in induced VCT cells
treated with stress was not statistically different from that
observed in noninduced IxkBaM cells treated with stress (data
not shown). However, ponasterone-induced IxBaM cells
treated with BFA, hypoxia, or OA (Fig. 7, &) were signifi-
cantly more sensitive to the cytotoxic effects of etoposide
compared with noninduced IkBaM cells (Fig. 7, ). IxBaM
expression partially but significantly reversed BFA-induced
resistance to etoposide, whereas the reversal of hypoxia- and
OA-induced drug resistance was almost complete. At nearly
all doses of etoposide, the cell survival of induced IxkBaM cells
treated with hypoxia or OA was not significantly different
from the cell survival of nonstressed IkBaM cells treated
with etoposide alone. These data indicate that specific inhi-
bition of NF-«B attenuates both chemical- and physiological-
induced resistance to etoposide.

Discussion

Most solid tumors are resistant to chemotherapy. This
drug resistance has been attributed, in part, to the unique
physiology of solid tumors. Oxygen deficiency (hypoxia), glu-
cose deprivation, and acidosis are widespread conditions in
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Fig. 6. IxBaM expression and stable transfection do not alter etoposide
cytotoxicity in the absence of stress. VCT, 1kBaM, and nontransfected
EMTS$ cells were treated with 10 uM ponasterone A (PON) for a total of
24 h. Etoposide (10, 25, or 50 uM) was added during the final hour of PON
treatment before analysis by colony-forming assay. Results shown are the
percentage of control cell survival averages of triplicate plates from at
least three independent experiments. bars, S.E.M.
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Fig. 7. IxBaM expression prevents BFA-, HYX- and OA-induced resis-
tance to etoposide. I«kBaM cells were treated with 10 M ponasterone A
(PON) for a total of 24 h. Cells were stress-treated in the presence of PON
with 10 pg/ml brefeldin A (BFA) for 2 h, followed by a recovery in
BFA-free media for 6 h (A), hypoxia for 8 h (B), or 60 nM okadaic acid
(OA) for 8 h (C). Etoposide (10, 25, or 50 uM) was added during the final
hour of PON and stress treatment before analysis by clonogenicity assay.
Results shown are the percentage of control cell survival averages of
triplicate plates from at least three independent experiments. Bars,
S.E.M. #, a statistically significant decrease in survival of induced IxBoM
cells treated with stress was observed compared with noninduced IxBaM
treated with stress. #, there was no statistically significant change in
survival of induced IkBaM cells treated with stress compared with non-
stressed IxkBaM cells (p < 0.05, ANOVA).



solid tumors. Hypoxia has been shown repeatedly to limit the
responsiveness of tumor cells to ionizing radiation (Bush et
al., 1978) and chemotherapeutic agents (Sakata et al., 1991).
Mechanisms by which hypoxic cells develop resistance to
radiation and chemotherapy may involve low oxygen tension
and poor drug penetration into solid tumors (Durand, 1989).
Hypoxia treatment is also known to cause gene amplification,
cell-cycle arrest, and altered cell-cycle distribution (Stoler et
al., 1992; Amellem and Pettersen, 1997). Alterations in gene
expression and cell-cycle progression mediated by hypoxia-
activated proteins, such as the hypoxia-inducible factor,
HIF-1a (Carmeliet et al., 1998), may be involved in the re-
sistance of tumor cells to cancer chemotherapeutic drugs.

Another type of resistance that develops in cells exposed to
hypoxia may be associated with the induction of specific
stress-responsive proteins and transcription factors. At the
cellular level, the ER responds to stress by three distinct
signaling mechanisms. One pathway, the unfolded protein
response (UPR), is activated by the presence of abnormally
folded proteins in the ER and results in production of the
glucose-regulated protein GRP78 (Pahl, 1999). The EOR re-
sults in activation of the nuclear transcription factor NF-«B
by the accumulation of normally folded proteins in the ER
(Pahl, 1999). The third, the sterol regulatory cascade, is
induced by the depletion of cholesterol (Pahl, 1999).

Evidence now suggests that the activation of ER stress
pathways may explain the intrinsic insensitivity of solid tu-
mors to chemotherapy. Stress conditions associated with
solid tumors, such as hypoxia, induce the expression of glu-
cose-regulated proteins (Wilson et al., 1989), heat-shock pro-
teins (Patel et al., 1995), stress-activated protein kinases
(Conrad et al., 2000), and NF-«B (Koong et al., 1998) and
resistance to anticancer agents (Wilson et al., 1989). Analysis
of human breast tumors has determined that GRP78 levels
are elevated in malignant but not in nonmalignant lesions
(Fernandez et al., 2000). The activation of ER stress re-
sponses has been further correlated with the development of
resistance to anticancer agents that inhibit topoisomerase II.
Treatment with the glucose-regulated stresses 2-deoxyglu-
cose, glucosamine, calcium ionophore, or tunicamycin results
in activation of NF-«B (Pahl and Baeuerle, 1997; Pahl, 1999)
and the development of resistance to teniposide, etoposide,
and doxorubicin (Adriamycin) (Hughes et al., 1989; Lin et al.,
1998). In the present study, we show that EMT6 cells treated
with other chemical stress agents, BFA or OA, or the physi-
ological stress agent hypoxia, result in similar levels of re-
sistance to etoposide. This finding implies that the mecha-
nism of stress-induced resistance to etoposide may be
through the activation of ER stress responses.

Our previous work suggests that the EOR pathway medi-
ates stress-induced resistance to etoposide. We have shown
that BFA treatment induces both the UPR and EOR stress
pathways and causes the development of resistance to the
topoisomerase II inhibitor teniposide (Lin et al., 1998). This
study showed that selective activation of the EOR pathway
with OA also results in the development of resistance to
teniposide to an extent similar to that observed with BFA
treatment (Lin et al., 1998). Selective activation of the UPR
pathway with the glucosidase inhibitor castanospermine re-
sulted in no change in sensitivity to teniposide even though it
markedly increased GRP78 levels (Lin et al., 1998). Further-
more, inhibition of NF-«B activation with MG-132 or prosta-
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glandin A, is sufficient to reverse BFA-induced resistance to
teniposide (Lin et al., 1998; Y. C. Boller, et al., manuscript in
preparation). Taken together, these data suggested the hy-
pothesis that activation of the EOR pathway through the
release of NF-«B is the mechanism by which EMT6 cells
develop resistance to etoposide.

To study the role of the EOR pathway in stress-induced
drug resistance, a phosphorylation site-deficient mutant of
IkBa (IkBaM) was used to selectively inhibit NF-«B activa-
tion. Inducible expression of IxkBaM resulted in virtually no
detectable wild-type IxkBa. When introduced into cells,
I«kBaM probably becomes the major NF-«B/IxB complex be-
cause of the high on-off rate of NF-«kB/IxBa binding kinetics
(Schmid et al., 2000). Over time, NF-«B/IxkBaM complexes
become predominant over NF-«B/IkBa complexes because
IkBaM cannot be phosphorylated by IxB kinases and de-
graded (DiDonato et al., 1996). Free IxBa that has dissoci-
ated from NF-«B is degraded by proteasomes and thus does
not appear in protein collections from IxkBaM cells treated
with ponasterone A for 24 h (Henkel et al., 1996).

In this study, we show that expression of IkBaM sup-
presses stress-induced NF-«B activation. Previous time-
course studies in our laboratory have shown that maximal
stress-induced NF-«xB activation occurs 2 h after hypoxia
treatment, 4 h after BFA treatment, and 8 h after OA treat-
ment (Lin et al., 1998; data not shown). These time points
were used in the present study to ascertain whether IkBaM
expression could inhibit the maximal NF-«B response to
stress. In both EMSA and luciferase reporter gene assays,
VCT cells treated with ponasterone A and noninduced
IkBaM cells display enhanced NF-«B activation with stress.
Ponasterone A treatment alone does not activate NF-«B or
interfere with stress-induced NF-«B activation in EMT®6 cells
(data not shown). Despite the differences in NF-«B activation
kinetics, IkBaM cells treated with ponasterone A were vir-
tually insensitive to stress-induced NF-«B activation. The
expression of IkBaM also greatly inhibited NF-«B activation
induced by OA, a relatively stronger activator of NF-«B (Lin
et al., 1998). These data show that the inducible IxBaM was
useful for testing the effects of selective inhibition of NF-«B
on drug resistance.

The effects of IkBaM expression on etoposide toxicity were
determined. Others have observed that IkBaM expression
enhances the toxicity of anticancer agents such as camptoth-
ecin, paclitaxel, daunorubicin, and tumor necrosis factor
(Wang et al., 1996; Batra et al., 1999; Cusack et al., 2000;
Huang et al., 2000). However, we observed no significant
change in cell survival of induced IxkBaM cells treated with
etoposide compared with noninduced IxBaM cells. These
data suggest that NF-xB activation does not influence the
cytotoxicity of topoisomerase II inhibitors in the absence of
stress in our murine cell line.

We have demonstrated that inducible IxBaM expression
prevents drug resistance caused by BFA, hypoxia, and OA.
Noninduced I«kBaM cells exhibit levels of BFA-, hypoxia-, and
OA-induced resistance to etoposide similar to those levels
observed in wild-type EMT6 cells. Induction of IxkBaM, in
contrast, results in significantly greater drug toxicity in the
presence of stress. The abrogation of drug resistance was
essentially complete, because hypoxia- or OA-treated IxBaM
cells induced with ponasterone A had etoposide toxicity levels
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that were not significantly different from those of non-
stressed cells.

Taken together, our data clearly show that NF-«B activa-
tion plays a critical role in both chemical and physiological
resistance to etoposide. Although statistically significant, the
reversal of stress-induced drug resistance with IkBaM ex-
pression was not complete with the stress agent BFA. How-
ever, reversal of hypoxia- or OA-induced resistance was com-
plete. Although there is evidence that IxB kinases, which
play a primary role in IxB phosphorylation, may activate
additional signaling pathways (Hu et al., 2001), evidence for
the direct effects of IxBa on other signaling pathways is not
available. Other pathways independent of NF-«B activation
may contribute to stress-induced drug resistance, but the
data presented here show that NF-«B activation plays a
major role in stress-induced drug resistance. Our data fur-
ther imply that relatively small changes in NF-«B activation
can have dramatic effects on cell viability, suggesting that
inhibition of NF-«B activation may result in the modulation
of pleiotropic responses with biological and therapeutic sig-
nificance. The concentrations of etoposide used in our studies
are within the range of plasma concentrations of etoposide
that are obtained clinically (Chen and Uckun, 2000). There-
fore, it is likely that stress-induced resistance to topoisomer-
ase Il inhibitors play a role in the intrinsic resistance of solid
tumors to topoisomerase II-directed agents. These findings
also suggest that coadministration of agents that inhibit the
activation of NF-«B would enhance the efficacy of topoisom-
erase II inhibitors in the treatment of cancer. Inhibition of
NF-«B activation with IxBaM is known to enhance the tox-
icity of many anticancer agents both in vivo and in vitro
(Wang et al., 1996; Batra et al., 1999; Cusack et al., 2000;
Huang et al., 2000). Agents that inhibit NF-«B activation,
such as the proteasome inhibitors PS-341 and lactacystin,
enhance chemotherapeutic efficacy in in vivo tumor assays
(Teicher et al., 1999; Ogiso et al., 2000). These studies and
those reported here suggest that the interruption of signaling
pathways mediating intrinsic drug resistance, such as phys-
iological stress, represents new therapeutic targets for cancer
drug therapy.
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Prostaglandin A, Inhibits Stress-Induced NF-kB Activation
and Reverses Resistance to Topoisomerase II Inhibitors

Yoonkyung C. Boller, Lori M. Brandes, Rosalind L. Russell,' Z. Ping Lin,’
Steven R. Patierno, and Katherine A. Kennedy®

Department of Pharmacology, The George Washington University Medical Center, Washington, DC 20037
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Stress conditions associated with solid tumors lead to the formation of heterogeneous tumor cell subpopulations and
insensitivity to cancer chemotherapeutics. In this report, we show that EMT6 mouse mammary tumor cells treated with
the chemical stress, brefeldin A (BFA), or the physiological stress, hypoxia, develop resistance to the topoisomerase II
(topoll) inhibitors teniposide and etoposide. BFA and hypoxia treatment did not alter intracellular drug concentrations,
topoll protein levels, or inhibit topoll activity. BFA and hypoxia did cause the activation of the nuclear transcription
factor NF-«kB. We demonstrate that pretreatment with the synthetic cyclopentenone prostaglandin A, (PGA,) inhibits
stress-induced NF-xB activation and reverses BFA- and hypoxia-induced resistance. The reversal of BFA-induced resis-
tance can occur when PGA, is administered either before or several hours after the induction of stress. Taken together,
these data support the involvement of NF-xB in stress-induced drug resistance, show that pharmacologic inhibitors of NF-
KB can disrupt the biological consequences of stress, and imply that inhibitors of NF-xB may be useful agents to enhance

the clinical efficacy of topoll-directed chemotherapeutics.

Key words: Nuclear factor-xB; Prostaglandin A,; Drug resistance; Stress; Etoposide

The development of drug resistance is a major obstacle
to the successful treatment of human cancers. Resistance
of tumors to chemotherapeutic agents that inhibit the to-
poisomerase IT (topoll*) enzyme is often an acquired
phenotype that develops in response to repeated drug
administration (1). The most common mechanism of ac-
quired resistance is through expression of the 170-kDa
P-glycoprotein or 190-kDa transmembrane transport
protein, which prevents intracellular drug accumulation
(2,3). Resistance to topoll inhibitors has also been corre-
lated with decreased levels of topoll or decreased topoll
activity (4).

A nonacquired form of resistance to topoll-directed
agents also has been identified. Solid tumors often have
inadequate vascularization due to the progressive expan-
sion of malignant cells. Poor blood flow causes the for-
mation of hypoxic, acidic and/or nutrient-deprived cell
subpopulations that can have altered growth and func-
tional properties (5,6). Stress conditions such as glucose
deprivation and hypoxia are known to cause intrinsic
tumor cell resistance to topoll inhibitors (7-9). We and
others have demonstrated that intrinsic resistance to
topoll inhibitors can also be induced by the activation
of stress-responsive proteins through the inhibition of
protein glycosylation, release of endoplasmic reticulum
(ER) calcium stores, or disruption of ER-to-Golgi trans-
port (10,11). These findings suggest that the pathways

activated by ER stress responses may mediate physio-
logically induced resistance to topoll inhibitors.

Resistance to topoll inhibitors has been associated
with the induction of the 78-kDa glucose-regulated
stress protein (GRP78). Treatment with 2-deoxyglucose,
glucosamine, tunicamycin, brefeldin A (BFA), calcium
ionophores, glucose deprivation, or hypoxia has been
correlated with the induction of GRP78 and the develop-
ment of intrinsic resistance to topoll inhibitors (10—13).
However, evidence now suggests that GRP78 induction
is not sufficient to cause drug resistance. We have
shown EMT6 mouse mammary tumor cells treated with
the glucosidase inhibitor castanospermine exhibited ele-
vated GRP78 levels but remained sensitive to teniposide
(11). Inhibition of GRP78 with an antisense oligodeoxy-
nucleotide resulted in no alteration in stress-induced
apoptosis by the glycosylation inhibitor tunicamycin
(13).

Another ER stress response pathway has been charac-
terized that involves the nuclear transcription factor
NF-xB. NF-xB is a heterodimeric transcriptional activa-
tor protein often bound to a cytosolic inhibitory IxB
protein (14-16). To activate NF-kB, IxB must be phos-
phorylated, ubiquitinated, and then degraded by protea-
somes (15,16). After degradation of IxB, NF-xB translo-
cates into the nucleus where it binds to consensus
elements and directs the transcription of NF-xB-depen-
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dent genes (17). Our laboratory and others have shown
that a variety of physiological and chemical stress condi-
tions result in the activation of NF-xB (11,18). Accumu-
lation of protein in the ER by stress causes the release of
intracellular Ca® from the ER, the formation of reactive
oxygen species, and the activation of NF-xB by the ER-
overload pathway (EOR) (19).

NF-xB activation is also known to protect cells from
apoptosis and the toxic effects of anticancer agents. NF-
kB activation inhibits caspase 8 activation through the
regulation of tumor necrosis factor receptor-associated
factor (TRAF) and inhibitor of apoptosis (IAP) proteins
(20) and prevents cytochrome c release through activa-
tion of the A1/Bfl-1 gene product, a Bcl-2 family mem-
ber (21). Inhibitors of NF-kB activation are known to
enhance the toxicity of tumor necrosis factor, paclitaxel,
daunorubicin, and camptothecin on tumor cells (22-24).
These findings suggest that stress-induced NF-kB acti-
vation may cause resistance to topoll inhibitors by pre-
venting apoptosis and that inhibition of NF-xB activa-
tion may reverse stress-induced drug resistance.

We have shown that treatment with the chemical
stress agent BFA causes NF-xB activation and the de-
velopment of resistance to the topoll inhibitor teniposide
(11). BFA induces stress through the EOR pathway by
disrupting protein transport from the ER to the Golgi
apparatus (25). Pretreatment with the proteasome inhibi-
tor MG-132 (carbobenzyoxyl-leucinyl-leucinyl-leucinal)
blocks BFA-induced activation of NF-kB and reverses
BFA-induced resistance to teniposide (11). To extend
these findings, we investigated the effects of another
pharmacologic inhibitor of NF-kB activation on stress-
induced drug resistance. Prostaglandin A, (PGA)) is a
synthetic cyclopentenone prostaglandin that has been
used therapeutically to inhibit DNA and RNA viruses
and prevent the growth of a variety of tumors (26,27).
PGA, is also a potent inhibitor of NF-kB activation by
preventing phosphorylation of IxB and causing upregu-
lation of IxB (28,29).

In this study, we demonstrate treatment with the
chemical stress, BFA, or the physiologic stress, hypoxia,
results in NF-xB activation and resistance of EMT6
mouse mammary tumor cells to teniposide and etopo-
side. BFA or hypoxia treatment alone did not alter intra-
cellular etoposide accumulation, topoll levels, or topoll
activity, suggesting stress-induced resistance is not me-
diated by the common mechanisms of acquired drug re-
sistance. To investigate the role of NF-xB in stress-
induced resistance, we have tested if a pharmacologic
inhibitor of NF-kB could reverse BFA- and hypoxia-
induced resistance. Pretreatment with PGA, inhibits
stress-induced activation of NF-xB and reverses BFA-
and hypoxia-induced resistance to teniposide and etopo-
side. Furthermore, we demonstrate that BFA-induced re-
sistance can be reversed with PGA, even when the re-
versal agent is given several hours after the induction of
stress.

MATERIALS AND METHODS
Cell Culture

EMT6 mouse mammary tumor cells (provided by Dr.
S. Rockwell, Yale University, New Haven, CT) were
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grown in a monolayer in Waymouth’s MB 752/1 me-
dium with L-glutamine (Invitrogen, San Diego, CA) sup-
plemented with 15% fetal bovine serum (Sigma, St.
Louis, MO), 100 pg/ml penicillin, 100 pg/ml streptomy-
cin, and 25 pg/ml gentamicin sulfate (Biofluids, Rock-
ville, MD). Cells were maintained at 37°C in a humidi-
fied atmosphere of 5% CO,/95% air and passaged every
3-4 days.

Reagents and Treatments

To induce stress, cells were treated with 10 pg/ml
BFA (Sigma) for 2 h followed by an incubation in BFA-
free medium (luciferase assay and EMSA) or for 2 h
followed by an incubation in BFA-free medium for 6 h
(all other experiments). Cells were also treated with 5
Mg/ml tunicamycin (Sigma) for 6 h, 10 mM 2-deoxy-D-
glucose (Sigma) for 18 h, 10 mM glucosamine (Sigma)
for 18 h, or 60 nM okadaic acid (OA) (Calbiochem, San
Diego, CA). For hypoxia, cells were seeded in gas-
impermeable glass flasks and then exposed to continu-
ous hypoxia as described previously (30) for either 2 h
(luciferase assay and EMSA), 8 h (colony-forming ex-
periments), or 18 h (drug uptake and Western blot). To
reverse drug resistance, 25 UM PGA, (Biomol, Plym-
outh Meeting, PA) was added 0.5 h prior to the induc-
tion of stress, concurrent with the addition of BFA, or
30 min, 1, 2, 4, 6, or 7 h after the induction of BFA
stress. Teniposide (Bristol Myers, Syracuse, NY) and
etoposide (Sigma) were added during the final hour of
stress treatment prior to analysis by colony-forming
assay.

Drug Uptake Measurements

Cellular uptake of radiolabeled etoposide was mea-
sured as previously described (31). During the final hour
of stress treatment cells were incubated in 50 UM unla-
beled etoposide, 2.5 uCi (2.78 nM) of *H-labeled etopo-
side (900 mCi/mmol, Moravek Biochem, Brea, CA), and
0.5 uCi of "“C-labeled inulin. To ensure complete re-
moval of extracellular *H-labeled etoposide, radiola-
beled inulin levels were monitored. Unlabeled etoposide
(50 pM) was added to the washes to prevent loss of
intracellular etoposide stores. After washing, cells were
lysed in 1 N NaOH, neutralized with 1 N HC], plated in
Ecolite scintillation cocktail (ICN, Costa Mesa, CA),
and counted by scintillation spectrometry. For each ex-
periment, cell counts were performed on triplicate tissue
culture plates for each stress treatment and radiolabeled
etoposide uptake was expressed as picomoles per 10°
cells.

Whole Cell and Nuclear Extraction of Topoll

Following stress treatment, whole cell lysates were
collected by suspending cell pellets in 90 pl of 1x
DNase/RNase (with 10 pg/ml each of antipain, apro-
tonin, chymotrypsin, leupeptin, and pepstatin A and 35
lg/ml PMSF) and 10 pl 10% SDS. After incubation on
ice for 60 min, 60 pl of SDS (8% SDS, 200 mM Tris-
Cl, 40% glycerol, 400 mM DTT) was added and the
samples were boiled for 5 min. For nuclear extraction,
cells were washed in buffer A (0.15 M NaCl, 10 mM
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KH,PO,, pH 7.5) and incubated for 20 min in buffer B
(10 mM Tris, 1.5 mM MgCl,, 10 mM NaCl, 4 mM DTT,
and 1 mM PMSF, pH 7.5) at 4°C. Next, 1 ml of Nonidet
detergent was added and the cells were gently triturated
and incubated at 4°C for 15 min. Cells were lysed using
dounce homogenization for 20 strokes and then centri-
fuged at 2500 X g for 10 min. The pellet was resus-
pended in 2 ml of buffer C (50 mM Tris, 25 mM KCl,
2 mM CaCl,, 3 mM MgCl,, 0.25 M sucrose, 4 mM DTT,
1 mM PMSF, pH 7.5) and then layered over buffer D
(buffer C with 0.6 M sucrose). Cell nuclei were isolated
by centrifugation at 6000 X g for 10 min at 4°C. The
nuclear pellet was resuspended in 1 ml of buffer E (50
mM Tris, 25 mM KCl, 3 mM MgCl,, 4 mM DTT, 1
mM PMSF, pH 7.5) and incubated for 15 min at 4°C.
An equal volume of buffer F (50 mM Tris, 2 M NaCl,
4 mM DTT, 10 mM disodium EDTA, 1 mM PMSF, pH
7.5) was added and the samples were incubated for 30
min at 4°C. Finally, 10% glycerol was added and the
protein extracts were collected after ultracentrifugation
at 100,000 x g for 60 min.

Western Blot Analysis

Nuclear extract (50-100 pg) or whole cell lysate (2
mg total protein) was mixed with 2x SDS sample buffer
(250 mM Tris-HCl, pH 6.8, 10% glycerol, 4% SDS,
0.012% bromophenol blue, 2% B-mercaptoethanol) and
boiled for 5 min. Proteins were separated on a 10%
SDS-polyacrylamide gel (4% stacking gel, pH 6.8, 10%
resolving gel, pH 8.8, 30:0.8 acrylamide/bisacrylamide)
and transferred to a nitrocellulose membrane. After
blocking in 1x TBST (10 mM Tris-HCI, pH 7.5, 100
mM NaCl, 0.1% Tween 20) with 5% nonfat dry milk,
the membrane was incubated with a 1:1000 dilution of
primary polyclonal rabbit antibody against p170 topoll
(provided by Dr. D. Sullivan, University of S. Florida,
Tampa, FL) at 4°C. The blot was washed with 1x TBST
and incubated with a secondary goat anti-rabbit HRP-
conjugated antibody (Promega, Madison, WI) at a dilu-
tion of 1:10000 for 1 h at room temperature. Antibody
binding was then visualized using an enhanced chemilu-
minescent reagent (Amersham, Arlington Heights, IL).

In Vitro Human Topoll Assay

Reaction mixtures of 2 units of purified human
topolla. enzyme, 200 ng kinetoplast DNA (kDNA), 1x
assay buffer [0.05 M Tris-Cl (pH 8.0), 0.12 M KCl, 10
mM MgCl,, 0.5 mM dithiothreitol, and 30 pg/ml bovine
serum albumin] (TopoGEN, Columbus, OH), and either
25 uM PGA,, 10 pg/ml BFA, or 100 uM teniposide
were combined and incubated at 37°C for 1 h. After
termination with 10 pl of stop solution (5% sarkosyl,
0.0025% bromophenol blue, and 25% glycerol), deca-
tenation products were visualized by gel electrophoresis
on an agarose gel with ethidium bromide and quantitated
using an Eagle Eye transilluminator (Stratagene, La
Jolla, CA). Percent decatenation was determined by di-
viding the relative intensity of decatenation product
bands by the total lane intensity.

Electrophoretic Mobility Shift Assay (EMSA)

Following drug treatment, nuclear extracts were pre-
pared from 1x 107 cells as previously described (11).
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Briefly, cells were incubated in 100 pl of lysis buffer
containing 10 mM HEPES (pH 7.9), 1 mM EDTA, 60
mM KCl, 1 mM DTT, 0.5% NP-40, 0.5 mM sodium
orthovanadate, and 1 mM phenylmethylsulfonyl fluo-
ride. Cell nuclei were washed in 500 pl nuclear washing
buffer (lysis buffer without NP-40 added), resuspended
in 100 pl of nuclear resuspension buffer [250 mM Tris-
HCI (pH 7.8), 60 mM KC], 1 mM DTT, 0.5 mM sodium
orthovanadate, and 1 mM phenylmethylsulfonyl fluo-
ride] and broken by three freeze—thaw cycles. An oligo-
nucleotide of the NF-xB consensus site (Promega) was
labeled with 10 mCi/ml [y-*PJATP (6000 Ci/mmol;
Amersham, Arlington Heights, IL/Andotek, Irvine, CA)
using T4 polynucleotide kinase (Promega) and cleared
of unincorporated nucleotides by chromatography
through a G-25 spin column (Worthington, Plymouth
Meeting, PA). Nuclear extracts (10 lg) were incubated
with 4 ng poly(dI-dC) (Sigma) and 0.035 pmol (50,000-
200,000 cpm) of probe in a buffer of 10 mM Tris-HCl
(pH 7.5), 50 mM sodium chloride, 0.5 mM EDTA, 1
mM magnesium chloride, 0.5 mM DTT, and 4% glyc-
erol at room temperature for 20 min. Binding was ana-
lyzed by autoradiography after electrophoresis on a non-
denaturing 6% polyacrylamide gel.

Transient Transfection and Luciferase Reporter Gene Assay

Transfection medium containing 3 png of pTK-6xB-
Luc plasmid (provided by Dr. Heike Paul, University
Hospital Freiburg, Germany) (32), 1 ug of pcDNA3.1-
lacZ (Invitrogen), 12 pl of transFast lipid (Promega),
and 2.5 ml of serum-free Waymouth’s medium was in-
cubated with cells for 2 h. Following transfection, 2.5
ml of Waymouth’s medium containing 30% serum was
added. After drug treatments, cells were lysed in 400 pl
Reporter Lysis Buffer (Promega) and 20 pl of whole
cell lysate was combined with 100 pl Luciferase Assay
Reagent containing luciferol (Promega). Light emission
in the presence of substrate was measured using a scin-
tillation counter (Beckman). Cell extracts were also as-
sayed for lacZ expression by incubating 150 pl of lysate
and 150 pl of 2x assay buffer containing o-nitrophenyl-
B-D-galactopyranoside (Promega) at 37°C for 2 h. The
absorbance at 420 nm was measured for each sample
and the relative -galactosidase activity was determined
by dividing the activity of drug-treated cell extracts by
the activity of solvent-treated cell extracts and then used
to correct for variations in transfection efficiency. The
fold change in luciferase activity was then calculated by
dividing the corrected luciferase activity of drug-treated
cells by the corrected luciferase activity of solvent-
treated cells.

Colony-Forming Assay

Following drug treatment, cells were serially diluted
in Waymouth’s medium, seeded in triplicate 60-mm? tis-
sue culture dishes, and incubated under maintenance
conditions for 7 days as previously described (11). Fol-
lowing incubation, dishes were stained with 0.25% crys-
tal violet and counted. For each treatment, the percent
control cell survival was determined by dividing the
plating efficiency for a given treatment by the plating
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efficiency of the appropriate nontreated or solvent-
treated control.

Statistics

Statistically significant changes in these data were de-
termined using one-way analysis of variance (ANOVA)
with multiple comparisons performed using Bonferroni’s
test with P < 0.05 (33).

RESULTS

Stress conditions associated with tumor microenvi-
ronments are known to cause resistance to cancer che-
motherapeutics (8—11). To determine whether stress al-
ters the cytotoxicity of topoll inhibitors, we exposed
EMTE6 cells to the chemical stress agent, BFA, or the
physiological stress, hypoxia, prior to treatment with
teniposide and etoposide. EMT6 cells were treated with
hypoxia for 8 h or with 10 pg/ml BFA for 2 h, followed
by an incubation in BFA-free medium for 6 h. Tenipo-
side and etoposide were added during the last hour of
stress treatment prior to analysis by colony-forming
assay. Figure 1 shows that cells pretreated with BFA
(Fig. 1A and B) or hypoxia (Fig. 1C) are resistant to the
toxicity of teniposide and etoposide.

Our previous data with the proteasome inhibitor MG-
132 suggest that NF-xB activation may regulate stress-
induced drug resistance (11). To explore the role of NF-
kB activation in stress-induced resistance, we treated
cells with 25 UM PGA, 30 min prior to the introduction
of stress with BFA and hypoxia. Figure 1 shows that
pretreatment with PGA, prevents BFA-induced resis-
tance to teniposide and etoposide and hypoxia-induced
resistance to teniposide. PGA, treatment alone did not
alter drug toxicity in the absence of stress (Fig. 1).

A common mechanism of resistance to topoll inhibi-
tors is through enhanced drug efflux (2,3). To test
whether stress-induced drug resistance is explained by a
decrease in drug concentration, we determined if BFA
or hypoxia treatment alters intracellular drug accumula-
tion of radiolabeled etoposide. To allow time for the
protein-mediated effects of stress treatment on drug up-
take, we treated EMT6 cells with hypoxia for 18 h. Pre-
liminary time course studies in our laboratory have de-
termined that the level of stress-induced resistance to
teniposide with 18 h of hypoxia is not statistically differ-
ent than that observed with 8 h of hypoxia (34). During
the final hour of stress treatment *H-labeled etoposide
was added. After washing, cell samples were lysed and
analyzed for *H incorporation by scintillation spectros-
copy. Our results show that treatment with BFA (10 ueg/
ml for 2 h, followed by a BFA-free recovery for 6 h) or
hypoxia (18 h) does not result in any significant change
in intracellular etoposide concentration (Fig. 2).

Normal cellular concentrations of topoll are neces-
sary for the cytotoxicity of topoll inhibitors (4). We
have investigated whether stress-induced drug resistance
is explained by alterations in total cellular or nuclear
levels of the topoll enzyme. EMT6 cells were exposed
to various ER stress-inducing agents, including 10 mM
2-deoxy-D-glucose for 18 h, 10 mM glucosamine for 18
h, 10 pg/ml BFA for 2 h followed by a BFA-free incu-

BOLLER ET AL.

A. —#- con

-O-- BFA

100 ~O~ PGA,
=¥~ PGA +BFA

2 10¢
Z L
=

[”]

B 1
€

] i
(2]

B3 0.1 3

B. - CON
-0 BFA
—A— PGA,
-V~ PGA +BFA
T
2
£
3
”
©
]
c
[*]
o
R
) | | A ) ) , N 1 5 J
0 0o % e s
etoposide (uM)
C. ~i—- CON
~O- HYX
—O— PGA,
~#-- PGA +HYX

% control survival

teniposide (uM)

Figure 1. PGA, reverses BFA- and HYX-induced resistance
to topoll inhibitors. EMT6 cells were treated with 25 uM pros-
taglandin A; (PGA;) 30 min prior to treatment with 10 pg/ml
brefeldin A (BFA) for 2 h followed by 6 h in BFA-free me-
dium (A, B) or hypoxia (HYX) for 8 h (C). Teniposide (A, C)
or etoposide (B) was added during the final hour of stress and
PGA, treatment prior to analysis by colony-forming assay. The
toxicity of teniposide (A, C) or etoposide (B) treatment in the
absence of stress (CON) is also shown. Values represent the
mean percent control cell survival calculated from 3-5 inde-
pendent experiments with three replicates per experiment; bars
are SEM.
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Figure 2. BFA or HYX treatment do not alter cellular etopo-
side uptake. The uptake of *H-labeled etoposide was measured
in nontreated (CON) or stress-treated cells. EMT6 cells were
treated with either 10 pug/ml brefeldin A (BFA) for 2 h fol-
lowed by 6 h in BFA-free medium or hypoxia (HYX) for 8 h.
During the final hour of stress treatment, *H-labeled etoposide
(0.5 uCi/ml, 5.5 nM) and 0.1 pCi *“C-labeled inulin in 50 pM
etoposide were added to the cells. Following drug exposure,
cells were lysed and analyzed by scintillation spectrometry.
Etoposide uptake was determined from the number of counts
of radiolabeled etoposide incorporated and converted to pico-
moles of etoposide per 10° cells (pmol/10° cells). Values repre-
sent the mean drug uptake from three independent experiments
with three replicates per experiment; bars are SEM.

bation for 6 h, 5 pg/ml tunicamycin for 6 h, or hypoxia
for 18 h. Whole cell and nuclear protein extracts were
collected from stress-treated cells and analyzed by West-
ern blot using an anti-topolla p170 polyclonal antibody.
Figure 3 shows that stress treatment results in no signifi-
cant alteration in topoll levels from either whole cell
(Fig. 3A) or nuclear extracts (Fig. 3B). If anything, in-
creases in whole cell and nuclear topoll were observed.
Whole cell extracts from quiescent cells in platean
growth had low levels of topoll (Fig. 3A), as others have
observed (35). These data show that stress treatments
known to cause resistance to topoll inhibitors do not
cause the depletion of total or nuclear topoll in the
EMTS6 cell line.

To determine whether stressors or drug reversal
agents alter topoll activity directly, an in vitro topoll
decatenation assay was performed. Purified human
topolla. was incubated with coiled kDNA in the pres-
ence of BFA, PGA,, or the topoll inhibitor teniposide.
The resulting DNA samples were separated by electro-
phoresis and the percent decatenation was determined
for each treatment. Figure 4 shows that relatively high
concentrations of BFA and PGA,; (10x those used in cell
survival assays) did not inhibit topoll-mediated decaten-
ation of kDNA. However, teniposide treatment resulted
in a significant inhibition of topoll-mediated kDNA de-
catenation (Fig. 4). This suggests that neither stress nor
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PGA, treatment changes the functional activity of to-
poll. Taken together, Figures 3 and 4 imply that alter-
ations in target enzyme concentration or activity do not
explain stress-induced drug resistance or its reversal.

Recent studies have shown that several ER stress-in-
ducing agents activate the transcription factor NF-kB
(11,12). Our previous time course data show that the
chemical stress agents BFA or the phosphatase inhibitor
OA cause marked elevation of NF-kB activation by
EMSA. These studies suggest maximal stress-induced
NF-xB activation occurs after 4 h of BFA treatment or
8 h of OA treatment (11). Here the time dependence of
stress-induced NF-xB activation using the physiological
stress hypoxia was determined. Following treatment
with hypoxia for 1 to 8 h, nuclear extracts were collected
from EMT®6 cells, incubated with a radiolabeled NF-xB
consensus oligonucleotide, and analyzed by gel electro-
phoresis. Figure 5 shows that hypoxia treatment results
in greatly enhanced levels of free nuclear NF-xB, with
a maximal response occurring at the 2-h time point. In
our data, two bands of specific binding are detectable
that others have suggested are the p65/p50 (upper band)
and p50/p50 isoforms of NF-kB (36).

To determine if PGA, treatment can inhibit maximal
stress-induced NF-kB activation, we analyzed by EMSA
nuclear extracts from EMT6 cells treated with 25 pM
PGA, 30 min prior to treatment with either 10 pg/ml
BFA for 2 h followed by 2 h in BFA-free medium, hy-
poxia for 2 h, or 60 nM OA for 8 h (time points of
maximal NF-xB activation). Figure 6 shows that BFA
(Fig. 6A), hypoxia (Fig. 6B), or OA (Fig. 6C) treatment
cause greatly enhanced levels of free nuclear NF-xB.
However, PGA, pretreatment dramatically inhibited ei-
ther BFA-, hypoxia-, or OA-induced NF-xB activation
(left panel, Fig. 6, A-C, respectively). The specificity of
NF-xB binding was assessed with the addition of a 50-
fold excess of nonlabeled NF-xB consensus sequence
that effectively blocked specific interaction of BFA-, hy-
poxia-, or OA-induced free nuclear NF-kB with the ra-
diolabeled probe (right panel of Fig. 6A-C, respec-
tively). The addition of a 50-fold excess of AP-1
oligonucleotide resulted in no change in binding of
stress-induced NF-xB to the labeled probe (right panel
of Fig. 6A-C). Taken together, the data demonstrate that
stress induces NF-xB activation that is blocked by PGA,
pretreatment.

To determine the effects of stress and PGA, on the
functional activity of NF-kB, we transiently transfected
EMT6 cells with a NF-xB-sensitive luciferase reporter
construct (pTK-6xB-Luc) to measure NF-kB transacti-
vation. This reporter plasmid contains a luciferase gene
downstream of a minimal thymidine kinase (TK) pro-
moter with six NF-xB binding sites (27). Following
transfection, cells were treated with either 10 pg/ml
BFA for 2 h followed by 2 h in BFA-free medium or
hypoxia for 2 h (time points of maximal NF-kB activa-
tion). Figure 7 shows that cells treated with BFA or hy-
poxia have enhanced luciferase activity when compared
with nonstressed cells. Treatment with 60 nM OA for 8
h resulted in an even greater elevation of luciferase ac-
tivity. To determine the effects of the reversal agent
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Figure 4. BFA and PGA, treatments do not alter the function
of human topoll in vitro. Reaction mixtures of 2 units of puri-
fied human topollo enzyme, 200 ng kDNA, and either 25 or
250 UM prostaglandin A; (PGA)) or 10 or 100 pg/ml brefeldin
A (BFA) were incubated at 37°C for 1 h. As a positive control,
enzyme and DNA were incubated with 100 pM teniposide
(TEN). Decatenation products were separated on an agarose
gel with ethidium bromide and quantitated using a Stratagene
Eagle Eye transilluminator. Values represent the mean percent
control decatenation = SEM from three independent experi-
ments. *A statistically significant decrease in decatenation was
observed with teniposide treatment when compared with con-
trol (one-way ANOVA followed by multiple comparison using
Bonferroni’s test with P < 0.05).
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PGA,; on NF-kB transactivation, we treated cells with
PGA, 30 min prior to stress treatment. Our results show
that pretreatment with PGA, inhibits basal levels of NF-
kB transactivation, as well as BFA-, hypoxia-, and OA-
induced NF-xB activation (Fig. 7).

Figure 1 shows that cells treated with BFA are resis-
tant to etoposide and teniposide. This duration of BFA
treatment was selected because it results in no alter-
ations in cell survival or DNA, RNA, or protein synthe-
sis [(11), data not shown]. To determine if shorter BFA
exposures result in similar resistance to teniposide, we
treated cells with 10 pg/ml BFA for 30 min followed by
a BFA-free recovery for 7.5 h. Teniposide was added
during the final hour of BFA treatment prior to analysis
by colony-forming assay. Figure 8 shows that a 30-min
exposure to BFA results in a level of resistance to teni-
poside not significantly different from the standard BFA
treatment for 2 h.

PGA, can prevent the activation of NF-xB and re-
verse both BFA- and hypoxia-induced resistance to teni-
poside (Figs. 1, 6, and 7). In these experiments, PGA,
was added prior to the introduction of stress. In vivo,
however, tumors are likely exposed to stress before, dur-
ing, and after chemotherapy is initiated. An agent that
could reverse drug resistance after stress has occurred
would be more useful therapeutically. We determined

HYX
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NS. —

free
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Figure 5. Time course NF-xB activation by HYX stress. EMT6 cells were exposed to hypoxic
conditions for 1, 2, 4, 6, or 8 h as described in Materials and Methods. Following treatment, nuclear
extracts from nontreated (CON) or hypoxia-treated (HYX) cells were harvested and analyzed by
EMSA using a *P-labeled NF-xB oligonucleotide. Specific binding of NF-kB to the probe (NF-
¥B), nonspecific binding (N.S.), and unbound probe (free probe) bands are indicated.
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Figure 6. PGA, inhibits stress-induced NF-xB activation. EMT6 cells were treated with 25 pM
prostaglandin A; (PGA;) 30 min prior to stress treatment with 10 ug/ml brefeldin A (BFA) (A)
for 2 h followed by 2 h in BFA-free medium, hypoxia (HYX) (B) for 2 h, or 60 nM okadaic acid
(OA) (C) for 8 h. Following treatment, nuclear extracts were harvested and analyzed by EMSA
using a *P-labeled NF-xB oligonucleotide. Specific binding of NF-xB to the probe (NF-xB), non-
specific binding (N.S.), and unbound probe (free probe) bands are indicated. For each experiment,
constitutive activation of NF-xB from nontreated cells is also shown (CON). The specificity of
NF-xB binding by competition assay was also determined (right panel, A-C). Nuclear extracts
from BFA-, HYX-, or OA-treated cells were incubated with oligonucleotide in the presence of a
50-fold excess of either unlabeled NF-xB or AP-1 oligonucleotide (NF-xB comp and AP-1 comp,
respectively). Shown in each panel is one representative gel from three independent experiments.

whether PGA, could prevent drug resistance when used
during various phases of the stress response. Cells were
exposed to 10 pg/ml BFA for 30 min followed by a
BFA-free recovery for 7.5 h. PGA, (25 uM) was added
either 30 min prior to BFA treatment, at the same time
as BFA treatment, or 30 min, 1, 2, 4, or 6 h after BFA
treatment. Teniposide was added during the last hour of
stress and PGA, treatment prior to analysis by colony-
forming assay. In addition, PGA,; was added 7 h after
BFA treatment (and therefore at the same time tenipo-
side was added), 8 h after BFA treatment (1 h after teni-
poside, immediately before colony-forming assay), or 9
h after BFA treatment (teniposide was removed, PGA,
was added for 1 h before colony-forming assay). Figure
9 shows that PGA, treatment results in a partial but sig-
nificant reversal of resistance to teniposide even when
given up to 7 h after BFA treatment. Treatment with
PGA, 8-9 h after BFA and teniposide treatment failed
to inhibit the development of resistance.

DISCUSSION

Solid tumors have a unique physiology that includes
the presence of hypoxic and/or glucose-deprived cell
subpopulations (6). Hypoxia has been repeatedly shown
to limit the responsiveness of tumor cells to ionizing
radiation and chemotherapy (7,8). The mechanism by
which hypoxic cells develop resistance to radiation and
chemotherapy may involve low oxygen tension and poor
drug penetration into solid tumors (37,38). Genetic and
biochemical alterations that develop in hypoxia-treated
cells may also contribute to development of drug resis-
tance, especially towards cell cycle-specific chemothera-
peutic agents (39,40). Hypoxia causes changes in geno-
mic stability through the induction of anoxia-responsive
endonucleases, which result in DNA breakage and al-
tered gene expression (39). Drug insensitivity may also
be explained by the influence of hypoxia on cell cycle
arrest and distribution through modulation of the p53,
p21, and p27 proteins (40).
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fold control luciferase activity

treatment

Figure 7. PGA, prevents stress-induced NF-kB transactiva-
tion. EMTG6 cells were transiently transfected with a NF-xB-
sensitive luciferase reporter gene. After transfection, cells were
treated with 25 UM prostaglandin A, (PGA,) 30 min prior to
stress treatment with 10 ug/ml brefeldin A (BFA) for 2 h fol-
lowed by 2 h in BFA-free medium, hypoxia (HYX) for 2 h,
or 60 nM okadaic acid (OA) for 8 h (time points of maximal
NF-xB activation). Whole cell lysates from nontreated (CON)
and stress-treated cells were assayed for luciferase expression
by measuring the fluorescence intensity in the presence of lu-
ciferol substrate with scintillation spectroscopy. The fold con-
trol luciferase activity was determined by dividing the activity
for each treatment by the activity of nontreated cells. Values
represent the mean fold control luciferase activity + SEM from
3-5 independent experiments. *A statistically significant de-
crease in luciferase activity was observed in nontreated and
stress-treated cell extracts from cells pretreated with PGA,
(one-way ANOVA followed by multiple comparison using
Bonferroni’s test with P < 0.05).

Recent data suggest the activation of stress responses
by hypoxia may also mediate intrinsic tumor drug resis-
tance. Hypoxic conditions induce cellular glucose-regu-
lated stress proteins, heat shock proteins, and stress-
activated protein kinases (41-43). Hypoxia also causes
the activation of various stress- and redox-sensitive
proteins, such as NF-xB, AP-1, Ref-1 and HIF-1
(18,44,45). The direct effects of these proteins on apop-
tosis and downstream gene expression provide another
explanation for how adverse tumor microenvironmental
conditions lead to chemotherapeutic drug resistance.

In this report we show that treatment with the chemi-
cal ER stress agent, BFA, or the physiologic stress, hy-
poxia, induces similar levels of resistance to teniposide.
These findings imply that the mechanism of hypoxia-
induced resistance may be through the induction of ER
stress pathways. Data now suggest there are two major
ER-mediated stress response pathways. One pathway,
known as the unfolded protein response (UPR), is acti-
vated by the presence of abnormally folded proteins in
the ER and is characterized by the induction of the glu-
cose-regulated protein GRP78 (19). The second pathway
is known as the ER overload pathway (EOR). In this
pathway, high levels of protein in the ER cause the re-
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Figure 8. Effect of 30-min BFA exposure on resistance to
teniposide. EMT®6 cells were exposed to 10 pg/ml brefeldin A
(BFA) for either 30 min followed by an incubation in BFA-
free medium for 7.5 h (30 min) or for 2 h followed by an
incubation in BFA-free medium for 6 h (2 h). During the last
hour of BFA treatment, 2.5 UM teniposide was added prior to
analysis by colony-forming assay. The toxicity of teniposide
in the absence of stress (none) is also shown. Percent control
survival was determined for each treatment by dividing the
percent survival of BFA-treated cells by the percent survival
of solvent-treated cells. Shown are the mean percent control
cell survival £ SEM from 3-5 independent experiments with
three replicates per experiment. *A statistically significant in-
crease in cell survival was observed in BFA-treated cells com-
pared with nonstressed cells (one-way ANOVA followed by
multiple comparison using Bonferroni’s test with P <0.05);
there was no statistically significant difference in cell survival
between the 30-min and 2-h BFA exposures.

lease of intracellular calcium stores and activation of the
transcription factor NF-xB (19). Our previous data sug-
gest the EOR pathway mediates stress-induced resis-
tance to topoll inhibitors. We have shown that selective
activation of the EOR pathway with OA is sufficient to
cause the development of resistance to teniposide (11).
However, selective activation of the UPR pathway with
the glucosidase inhibitor castanospermine results in no
change in sensitivity to teniposide (11). Hence, the
mechanism of stress-induced resistance to topoll inhibi-
tors may be through stimulation of the EOR pathway
and NF-xB activation,

To determine the association between NF-kB activa-
tion and the development of resistance to topoll inhibi-
tors, PGA| was used. PGA, is known to prevent the acti-
vation of NF-kB by inhibiting the phosphorylation and
upregulation of the inhibitory IxB protein (28,29). Here
we demonstrate that PGA, treatment effectively blocks
NF-xB activation by BFA, hypoxia, or OA treatment.
Importantly, PGA, prevents BFA- and hypoxia-induced
resistance to etoposide and teniposide. These data imply
that NF-xB activation through the EOR pathway may
mediate both chemical- and physiologic-induced resis-
tance to topoll inhibitors. The findings presented here
further substantiate our previous work with the protea-
some inhibitor MG-132 (11). Like PGA,, MG-132 pre-
treatment blocks BFA-induced NF-xB activation and re-
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Figure 9. BFA-induced resistance to teniposide can be re-
versed with PGA; after the induction of stress. EMT6 cells
were exposed to 10 pg/ml brefeldin A (B) for 30 min (added
at the O-h time point) and then incubated in BFA-free medium
for 7.5 h. During the last hour of stress treatment, 2.5 uM
teniposide (T) was added (at the 7-h time point) prior to analy-
sis by colony-forming assay (COL, at 8-h time point). To de-
termine the time dependence of reversal, 25 UM prostaglandin
A; (PGA,) was added either 30 min before BFA treatment (at
the —0.5-h time point) or after BFA treatment (at the 0.5-, 1-,
2-, 4, or 6-h time points). Percent control survival was deter-
mined by dividing the cell survival of BFA-treated cells by the
cell survival of nontreated cells. Values represent the mean
percent control cell survival + SEM from three independent
experiments with three replicates per experiment. *A statisti-
cally significant decrease in cell survival was observed in cells
treated with PGA, prior to, during, and up to 7 h after BFA
treatment when compared with BFA treatment alone (one-way
ANOVA followed by multiple comparison using Bonferroni’s
test with P < 0.05).

verses BFA-induced resistance to teniposide (11). The
fact that MG-132 and PGA, inhibit NF-xB activation by
different mechanisms and both reverse drug resistance
further strengthens the role of NF-xB activation in
stress-induced drug resistance.

In the present study we investigated whether BFA-
or hypoxia-induced resistance or its reversal with PGA,
could be explained by the more common mechanisms of
drug resistance. Resistance to topoll inhibitors is often
explained by alterations in drug accumulation, topoll
levels, and/or topoll activity. Our data demonstrate,
however, that the accumulation of etoposide was not al-
tered by either chemical or physiologic stress treatment.
Similarly, analyses of whole cell and nuclear protein ex-
tracts show that topoll protein levels or in vitro topoll
activity were not altered by chemical or physiologic
stress. Others have suggested that PGA, treatment inhib-
its topoIl (ICs, =98 uM) (46), but our data show con-
centrations of PGA; up to 250 M did not alter topoll-
mediated kDNA decatenation. It is therefore unlikely
that stress-induced resistance to topoll inhibitors is
caused by changes in drug accumulation by the P-glyco-
protein or MRP pumps or by altered topoll levels or
activity. Moreover, the reversal of stress-induced resis-
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tance with PGA, cannot be explained by decreased to-
poll activity.

EMT6 cells exposed to BFA for only 30 min devel-
oped resistance to teniposide. This finding suggests that
short periods of physiological stress can cause drug re-
sistance. Consequently, even transient losses of blood
flow to tumors may have a dramatic impact on whether
a tumor will respond to chemotherapeutic treatment. In
the present study, cells were exposed to PGA, after BFA
treatment to determine if drug resistance could be re-
versed following the induction of stress. PGA, pretreat-
ment partially reversed BFA-induced resistance to teni-
poside when given up to 7 h after stress treatment. These
data suggest that PGA, is an effective reversal agent not
only when given before stress treatment, but even when
given several hours after stress treatment. This implies
that the intrinsic drug resistance of solid tumors can be
reversed during or after the induction of stress. This
finding is especially significant because it is likely that
most solid tumors have been or are currently exposed to
stress prior to chemotherapy treatment.

It is well known that solid tumors contain stressful
microenvironments and are intrinsically resistant and in-
sensitive to cancer chemotherapeutics. Recent data show
GRP78 levels are elevated in malignant breast lesions
when compared with nonmalignant breast lesions (47).
Moreover, the concentrations of etoposide and tenipo-
side we have used lie within or below the ranges of that
achieved clinically (48,49). Therefore, the form of drug
resistance characterized here that is induced by physio-
logical and chemical stressors likely exists in solid tu-
mors and may explain in part the intrinsic drug resis-
tance of tumors seen clinically. Our data further suggest
that the coadministration of agents that inhibit NF-xB
activation would enhance the efficacy of topoll inhibi-
tors in the treatment of cancer. Others have reported that
inhibition of NF-kB activation enhances the toxicity of
anticancer agents both in vivo and in vitro. Inhibition of
NF-kB activation with proteasome inhibitors increases
the toxicity of chemotherapeutics in in vivo tumor
assays (50,51). Expression of a mutant IxBa. protein to
inhibit NF-xB activation enhances the sensitivity of tu-
mor cells to apoptotic death by tumor necrosis factor,
paclitaxel, and daunorubicin (22,24). In addition, induc-
ible expression of mutant IxBot sensitizes physiologic or
chemically stress-treated EMT6 cells to etoposide (52).
Mutant IkBo expression in vivo reduces growth of head
and neck squamous cell carcinoma (53) and sensitizes
chemoresistant tumors to the toxic effects of campto-
thecin (23). The results from experiments with the phos-
phorylation site-deficient IkBa mutants demonstrate
that NF-xB activation plays a prominent role in mediat-
ing sensitivity of cells to chemotherapeutic agents (22—
24,52,53). Taken together, our data suggest that PGA,
may represent a new class of antitumor agents that im-
prove the clinical efficacy of topoll-directed agents by
inhibiting the NF-xB-mediated stress responses that
limit the effectiveness of cancer chemotherapeutics.
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Abstract

One of the major limiting factors to the successful treatment of breast cancer is the
development of drug resistance. Adverse conditions associated with solid tumor
progression, which trigger cellular stress responses, may underlie the mechanisms of
intrinsic chemotherapeutic drug resistance. Our data show that treatment of EMT6 mouse
mammary tumor cells with the chemical stress agent, brefeldin A (BFA) or the physiologic
stress, hypoxia induce comparable levels of resistance to the topoisomerase i inhibitor,
etoposide. To determine common mechanisms for the development of chemical- and
physiologic-induced drug resistance, we have performed expression analysis of stress-
treated EMT6 cells using the Affymetrix GeneChip system. Notably, our data show that
BFA or hypoxia treatment result in enhanced expression of transforming growth factor-f3
(TGF-B) and decreased expression of the platelet-derived growth factor receptor, PDGFRao,
and the mitogen-activated protein kinase (MAPK), MEK1. Western blot analysis confirms
that TGF-B protein levels are enhanced and PDGFRa levels are diminished with BFA or
hypoxia treatment. Although total MEK1 and MEK2 levels were not altered by stress
treatment, analysis with an antibody selective for phosphorylated forms of MEK1 and MEK2
(phospho-MEK1/2) reveals phospho-MEK1/2 levels are reduced with stress treatment. /n
vitro studies show treatment with TGF-$, inhibition of PDGFRa with blocking antibodies, or
inhibition of MEK1/2 with U0126 treatment are sufficient to cause etoposide resistance.
Taken together, our results provide evidence for TGF- activation and subsequent down-
regulation of the PDGFRa/MAPK signaling pathway in the development of tumor drug
resistance and further suggest that modulation of TGF-, PDGFRa or the MAPK cascade
may enhance the clinical effectiveness of conventional anticancer chemotherapies.
Supported by Army Breast Cancer Initiative Award #99-1-9186 (K. A. K.) and by
predoctoral fellowship award #BC000486 from the Department of Defense Breast Cancer
Research Program (L. M. B.).




Materials and Methods

Ceff Culture. EMT6 mouse mammary tumor cells (provided by Dr. S. Rockwell, Yale University) were grown in
Waymouth's MB 752/1 medium (GibcoBRL, Grand Island, NY) supplemented with L-glutamine (Life Technology,
Gaithersburg, MD), 15% fetal bovine serum (Sigma, St. Louis, MO), 100 units/ml streptomycin and 25 pg/ml
gentamicin sulfate (Biofluids, Rockville, MD) as described previously (Lin et al., 1998; Boller et al., 2001;
Brandes et al., 2001). MDA-MB231 cells were maintained in Eagle’s minimum essential medium (Sigma)
supplemented with 2.2 g/L sodium bicarbonate (Sigma), 10% fetal bovine serum (Sigma), 0.1 mM non-essential
amino acids (Gibco), 0.2 mM L-glutamine (Sigma), 1X antibiotic-antimycotic (Biofluids), 2 mM Hepes buffer
(Sigma), 1 mM sodium pyruvate (Sigma).

Reagents and Treatments. Brefeldin A (Sigma) at 10 png/ml for 2 h followed by a 6 h BFA-free recovery;
Hypoxia by exposure of cells to a humidified mixture of 95% N, 5% CO> (certified 02<0.05ppm) at 37°C for 8 h;
Etoposide (Sigma) at 10-50 uM 1 h prior to colony forming assay. Ponasterone A (Invitrogen, San Diego, CA)
at 0.1-10 uM for 24 h; TGF- (Sigma) at 0.1 or 10 ng/ml for 8 h; blocking anti-PDGFRa antibodies (R&D
Systems) at 1 or 10 ng/ml for 8 h; Castanospermine (Sigma) at 10 pg/ml for 6 h; U0126 (Sigma) at 10 or 30 uM
for 8 h; SB203580 (Sigma) at 10 uM for 8 h.

Colony forming assay. Following treatment, cells were harvested with trypsin, counted and serially diluted in
Waymouth media. Cells were seeded in triplicate tissue culture dishes and incubated under maintenance
conditions for 7 d. Colonies were stained with 0.25% crystal violet and counted as previously described (Lin et
al., 1998; Boller et al., 2001; Brandes et al., 2001).

Affymetrix GeneClyjp Expression Analysis. Following drug and stress treatments, total RNA was collected
using TRIzol reagent (Sigma) and converted to double-stranded cDNA using the SuperScript Choice System
(GibcoBRL). For cDNA cleanup, 162 i of (25:24:1) phenol:chloroform:isoamyl alcohol saturated with 10 mM
Tris-HCI (pH 8.0) and 1 mM EDTA (Sigma) was added and the samples were transferred to Phase Lock Gel
PLG I-light tubes (Eppendorf, Westbury, NY). After centrifugation at 14,0009 for 2 min, the upper aqueous
phase was isolated and 0.5 volumes of cold 7.5 M NH:Ac (Sigma) and 2.5 volumes of absolute ethanol (Sigma)
were added. cDNA was pelleted by centrifugation at 14,0009 for 20 min at 4°C. The resulting pellets were
washed twice with 0.5 ml of cold 80% ethanol, air-dried and resuspended in 12 pl nuclease-free water. Labeled
cRNA was synthesized using the ENZO BioArray™ High Yield™ RNA Transcript Labeling Kit (Enzo
Diagnostics, Farmingdale, NY, distributed by Affymetrix, Santa Clara, CA). cRNA samples (20 pug) were
fragmented by incubation in 8 il of 5X fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 mM KOAc, 150
mM MgOAc) at 94°C for 35 min. For hybridization, 15 ug of cRNA was mixed with 5 ul of 3 nM control
oligonucleotide B2 (Affymetrix), 15 wl of 20X eukaryotic hybridization controls (Affymetrix), 3 ul of 10 mg/mi
Herring sperm DNA (Fisher, Pittsburgh, PA), 3 ul of 50mg/ml acetylated bovine serum albumin (GibcoBRL), and
150 wl of 2X Hybridization Buffer [200 mM MES (Sigma), 2M (Na*), 40 mM EDTA, 0.02% Tween 20]. Prior to
hybridization, cocktails were incubated at 99°C for 5 min and then at 45°C for 5 min. Target RNA quality was
first assessed using Test2 Probe Array Chips (Affymetrix). After confirmation on a test chip, 200 p! of
hybridization cocktail was incubated on Mu11K gene chips (Affymetrix) for 16 h at 45°C with rotation (60
cycles/min). Following incubation, Mu11K arrays were washed and stained using the Affymetrix GeneChip
Fluidics Station 400 using the standard array format EukGE-WS2 protocol according to the manufacturer's
recommendations (Affymetrix). In brief, arrays were washed 10 cycles of 2 mixes/cycle with Wash Buffer A [6X
SSPE (1 M NaCl, 0.067 M NaH2POs, 6.67 mM EDTA), 0.01% Tween 20, 0.005% Antifoam (Sigmay)] at 25°C,
washed 4 cycles of 15 mixes/cycle with Wash Buffer B [100 mM MES, 0.1 M (Na*), 0.01% Tween 20] at 50°C,
stained for 10 min in 600 wl of SAPE stain (100 mM MES, 1 M [Na+], 0.05% Tween 20, 0.005% Antifoam, 2
mg/mi acetylated BSA, and 10 pg/ml steptavidin phycoerythrin), washed 10 cycles of 4 mixes/cycle with Wash
Buffer A at 25°C, stained for 10 min in 600 pl of antibody solution [100 mM MES, 1M [Na+], 0.05% Tween 20,
0.005% antifoam, 2 mg/ml acetylated BSA (Fisher), 0.1 mg/ml normal goat IgG (Sigma), and 3 pg/mi




biotinylated anti-strepavidin antibody (Sigma)] at 25°C, stained for 10 min in 600 pl of SAPE stain at 25°C, and
washed for 15 cycles of 4 mixes/cycle with Wash Buffer A at 30°C. Arrays were scanned twice using an argon-
ion laser at a wavelength of 570 nm (Affymetrix).

Western blot analysis. Following drug and stress treatment, cells were washed in cold PBS, lysed in 100 pl of
1X SDS sample buffer (125 mM Tris-HCl, pH 6.8, 5% glycerol, 2% SDS, 0.006% bromophenol blue) and boiled
for 5 min. Protein concentration was then determined using the BCA method (Pierce, Rockford, IL). Protein
samples (20-100 g) were mixed with 2X SDS (250 mM Tris-HCI, pH 6.8, 10% glycerol, 4% SDS, 0.012%
bromophenol blue, 2% B-mercaptoethanol) and boiled for 5 min. Proteins were separated on a 10% SDS-
polyacrylamide gel (4% stacking gel, pH 6.8, 10% resolving gel, pH 8.8, 30: 0.8 acrylamide:bisacrylamide) at
120 V for 2 h in a running buffer containing 25 mM Tris base, 192 mM glycine, and 0.1% SDS. The resulting gel
was transferred to a nitrocellulose membrane by electrophoresis for 45 min at 55 V in 1X CAPS buffer (10 mM
CAPS, pH 11). Following transfer, the membrane was incubated in 1X TBST (10 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 0.1% Tween 20) with 1% bovine serum albumin. Membranes were incubated with primary antibody
(Santa Cruz Biotechnology) diluted 1000-fold in 1X TBST with 1% BSA overnight at 4°C, incubated with an
HRP-conjugated IgG anti-rabbit secondary antibody (1:10000 dilution in 1X TBST with 1% BSA) for 1 h at room
temperature and visualized with enhanced chemiluminescent reagent (Pierce, Rockford, IL).

Statistics. Statistically significant changes in these data were determined using one way ANOVA analysis with
multiple comparisons performed using Bonferroni’s test at p<0.05 (Motulsky, 1995).




Introduction
Physiological stresses associated with solid tumor development play an important role in
resistance to chemotherapeutic agents. Cancer cell drug resistance can be reproduced in
the laboratory with chemical stress agents that mimic biological stress conditions. Brefeldin
A (BFA) induces cellular stress responses, disrupts transport from the endoplasmic
reticulum (ER) to the Golgi and causes resistance of breast cancer cells to the
topoisomerase Il inhibitors (topoli), etoposide and doxorubicin. Our data show the extent of
resistance observed with BFA stress is not different than that induced with hypoxia,
suggesting that the mechanisms of physiologic stress-induced tumor resistance may be
through the activation of cellular stress responses. BFA and hypoxia both cause activation
of the nuclear transcription factor NF-kB. We have shown that inhibition of NF-xB activation
pharmacologically or with expression of a mutant inhibitory IkBaM protein prevents stress-
induced resistance to etoposide. To determine if a common mechanism underlies the
development of BFA- and hypoxia-induced drug resistance through NF-xB activation, we
expression profiled stress-treated vector-transfected (VCT) and IkBaM-expressing cells
using the Affymetrix GeneChip oligonucleotide arrays. After determining which genes were
coordinately regulated during both stress responses, we selected candidate genes for
further confirmation of protein expression by western blot and studied the role of each in the
development of drug resistance in vitro by the colony forming assay. Our data suggest a
putative mechanism for the development of both chemical and physiologic stress-induced
drug resistance through NF-kB activation and for the prevention of stress-induced drug
resistance through the inhibition of NF-xB activation. Our data further imply that modulation
of NF-xB or the downstream members of the stress responses characterized here may
enhance the therapeutic efficacy of conventional clinical cancer chemotherapeutics.




Figure 1. Chemical and physiologic stress induce resistance to etoposide in breast cancer
cells. EMT6 cells were treated with 10 ug/mL brefeldin A (BFA) for 2 h followed by a BFA-
free recovery for 6 h or with hypoxia (HYX) for 8 h. During the last hour of stress treatment,
etoposide (10, 25 or 50 uM for EMT6) was added prior to analysis by colony forming assay.
The toxicity of etoposide in the absence of stress (CON) is also shown. Results are the
mean percent control cell survival + SEM from 3-5 independent experiments. *, a
statistically significant increase in cell survival was observed in BFA-treated cells compared
to CON cells; #, a statistically significant increase in cell survival was observed in HYX-
treated cells compared to CON cells (p<0.05, ANOVA).
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Figure 2. Expression of IkBaM prevents stress-induced resistance to etoposide. EMT6
cells transfected with an inducible IkBaM expression vector were treated with 0.1, 1.0 or 10
uM ponasterone A (PON) for 24 h to induce transgenic expression. Cells were treated in
the presence of PON with 10 ug/mL brefeldin A (BFA) for 2 h followed by a BFA-free
recovery for 6 h or with hypoxia (HYX) for 8 h. During the last hour of PON and stress
treatment, cells were treated with 50 UM etoposide prior to analysis by colony forming

assay. Results shown are the mean percent control cell survival + SEM from 3-5
independent experiments. *, a statistically significant decrease in cell survival was observed

in stress-treated IkBoM cells treated with PON compared to IkBaM cells not treated with
PON (p<0.05, ANOVA).
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Figure 3. Expression profiles of chemical and physiologic stress. Vector-transfected EMT6
cells were treated with 10 uM ponasterone A (PON) for 24 h and either 10 ug/mL brefeldin A
(BFA) for 2 h followed by a BFA-free recovery for 6 h or hypoxia (HYX) for 8 h in the
presence of PON. Each expression profile was performed in duplicate and compared to
another duplicate profile by a 4-way pair-wise comparison to determine the genes altered
with either BFA or HYX stress. Shown are the fold-control changes in expression (2-fold
and greater) with stress (BFA and HYX) of the genes (genelD) similarly up- or down-
regulated during both BFA and HYX stress responses. Also shown is the Affymetrix probe
set identification number (probe set) for each gene.




Genes Commonly Regulated During Brefeldin A and Hypoxia Stress

probe set genelD BFA HYX
M27500_f_at protamine 19.3 5.0
AF015309_s_at nucleolar protein (MSP58) 17.9 27
M95200_s_at vascular endothelial growth factor 17.2 19.2
L13622_s_at s-adenosylmethionine synthetase 16.2 11.4
M64863_s_at cytochrome P450 17-alpha hydroxylase C17/20 lyase 16.5 11.6
AF000581_s_at p300/CBP/Co-Integrator protein 8.4 23
L28117_s_at NF-kappaB (p105) 76 2.8
J03962_s_at acetylcholine receptor-associated protein 7.0 54
Msa.1690.0_at |I-kappa B alpha 6.6 6.2
M12572_at heat shock protein (hsp68) 6.1 6.2
L06443_s_at putative transforming growth factor-beta 56 53
U26188_s_at B61 4.9 35
L31783_s_at uridine kinase 47 42
L21221_s_at proprotein convertase 4 (PC4) 4.4 20
U77040_s_at LIM protein 3 (mSLIM3) 4.3 2.8
AB009287_s_at macrosialin 34 27
AF006688_at peroxisomal acyl-CoA reductase (muspaox) 3.4 26 .
D37793_s_at synaptotagminll/IP4BP 3.4 29 up with
U92794_s_at alpha glucosidase Il beta subunit 3.4 21 BFA/HYX
1L04128_{ at ribosomal protein L18 (rpL 18) 3.3 3.3 stress
L19737_f_at H* ATP synthase subunit ¢ 3.1 40
M37761_s_at calcyclin 29 29
M99054_s_at acid phosphatase type 5 29 46
D82019_s_at basigin 2.8 2.8
L14677_s_at Epoc-1 2.8 2.0
U73445_s_at dihydrolipoamide dehydrogenase (DlId) 2.8 22
U16162_s_at prolyl 4-hydroxylase alpha (l)-subunit 2.7 3.4
U59807_f_at cystatin B (Stfb) 27 2.3
D44443_s_at dexamethasone-induced product 2.6 2.0
AF022992_at Rigui 25 35
D13738_s_at putative receptor tyrosine kinase 25 2.0
uU67188_s_at G protein signaling regulator RGS5 25 2.0
U28656_s_at insulin-stimulated elF-4E binding protein PHAS-I 2.4 25
M55154_s_at transflutaminase (TGase) 23 2.1
U85489_s_at Ah receptor-interacting protein (AIP) 23 26
D13546_s_at DNA polymerase alpha associated subunit 22 2.4
L17076_s_at RNA-binding protein 2.2 2.0
U19520_s_at vesicle transport protein munc-18b 241 2.8
U30482_s_at TR2 2.1 2.1
D49956_s_at 8-ox0-dGTPase -2.0 -2.2
M32309_s_at zinc finger protein Zfx -2.0 -2.8
D50494_s_at murine RCK -2.1 -2.6
D37790_s_at beta-1,4-galactosyltransferase 2.2 -2.1
U06922_s_at signal transducer and activator of transcription Stat3 2.2 2.4
U52524_s_at hyaluronan synthase 2 (Has2) 2.2 -2.5
U85614_s_at SRG3 2.2 -2.4
U63933_s_at transcription factor |ID (Tbp) -2.3 -4.1
U19891_s_at putative CCAAT binding factor 1 (mCBF) 24 -2.2
M31810_s_at 2',3"-cyclic-nucleotide 3'-phosphodiesterase 2.5 -2.9
U92437_s_at mutated in multiple cancers protein MMAC-1 -2.5 -2.1
U70622_s_at lysophosphatidic acid receptor (vzg-1) 2.7 2.4
D38417_s_at arylhydrocarbon receptor -2.9 33 down with
M22326-2_s_at growth factor-induced protein zif/268 -2.9 -4.8 BFA/HYX
U44088_s_at TDAGS51 -3.0 43  gtress
L29479_s_at serine/threonine kinase (sak-a) -3.1 -2.6
M63650_s_at M-twist -3.2 -2.1
U44725_s_at mast cell growth factor Mgf -3.3 -2.3
U20238_s_at GTPase-activating protein GAPIII -3.6 2.2
U16322_s_at basic transcription factor MITF-2B -3.7 -3.2
D78644_s_at DNA polymerase -3.9 -2.0
U18869_s_at mitogen-responsive phosphoprotein p96, p67, p93 -4.2 -2.6
D45210_f_at zinc finger protein -4.9 -2.1
U27177_s_at p107 -4.9 2.7
M69293_rc_at Id-2 -5.2 -4.6
1.02526_s_at protein kinase MEK-1 -5.4 -7.9
M84607_s_at platelet-derived growth factor-alpha receptor (PDGFRa) -5.6 -5.3
L35307_s_at transcription regulator c-krox -8.7 -3.7
M64086_s_at spi2 proteinase inhibitor (spi2-eb1) 9.6 -7.8
M83422_s_at adenylyl cyclase type VI -10.2 -9.8




Figure 4. Brefeldin A and hypoxia treatment alter protein levels as suggested by
expression profiling. EMT6 (EMT6) or MDA-MB231 (MDA) cells were treated with 10 pg/mL
brefeldin A (BFA or B) for 2 h followed by a BFA-free recovery for 6 h, hypoxia (H) for 8 h, or
10 pg/ml castanospermine (CAS). Following treatment, whole cell lysates were collected
and analyzed by western blot. The resulting membranes were probed with anti-TGF-B1
(TGF-B), anti-PDGFRa (PDGFRa), anti-MEK1 (MEK1), anti-MEK2 (MEKZ2), anti-phospho-
MEK1/2 (P-MEK1/2), and anti-actin (actin) primary antibodies. Basal expression of each
protein in the absence of stress (C) is also shown. Results are one representative blot from
four independent experiments. Immunoblot band intensities from EMT6 western blots were
quantitated and reported as the fold-control change in band intensity with stress + SEM
relative to non-treated cells after correcting for variations in actin expression and
background intensity (numbers below corresponding immunoblot data).
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Figure 5. Treatment with TGF-f causes etoposide resistance and inhibits PDGFRa and
phospho-MEK. A. EMT6 (EMT6) and MDA-MB231 (MDA) cells were treated with 0.1-10
ng/ml transforming growth factor-p (TGF-B) for 8 h. During the final hour of TGF-§
treatment, 25-100 uM etoposide was added prior to analysis by colony forming assay.
Etoposide toxicity in the absence of TGF-f treatment (CON) is also shown. Results shown
are the mean percent control cell survival £ SEM from 3-5 independent experiments. *, a
statistically significant increase in cell survival was observed in TGF-B-treated cells
compared to CON cells (p<0.05, ANOVA). B. Whole cell lysates from EMT6 cells treated
with TGF-B were analyzed by western blot using anti-TGF-B1 (TGF-B), anti-PDGFRa
(PDGFRa), anti-MEK1 (MEK1), anti-MEK2 (MEK2), anti-phospho-MEK1/2 (P-MEK1/2), and
anti-actin (actin) primary antibodies. Results shown are one representative blot from four
independent experiments. Immunoblot band intensity was quantitated and reported as the
fold-control change in band intensity with TGF-B treatment + SEM relative to non-treated
cells after correcting for variations in actin expression and background intensity (numbers
below corresponding immunoblot data).
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Figure 6. Treatment with anti-PDGFRa blocking antibodies causes etoposide resistance
and inhibits MEK phosphorylation. A. EMT6 cells were treated with 1 or 10 ng/ml anti-
PDGFRa blocking antibodies or pre-immune serum (pre-immune) for 8 h. During the final
hour of treatment, 25 or 50 uM etoposide was added prior to analysis by colony forming
assay. Results shown are the mean percent control cell survival £ SEM from 3-5
independent experiments. *, a statistically significant increase in cell survival was observed
in antibody-treated cells compared to pre-immune serum-treated cells (p<0.05, ANOVA). B.
Whole cell lysates from EMT6 cells treated with blocking antibodies were analyzed by
western blot using anti-MEK1 (MEK1), anti-MEK2 (MEK2), anti-phospho-MEK1/2 (P-
MEK1/2), and anti-actin (actin) primary antibodies. Results shown are one representative
blot from four independent experiments. Immunoblot band intensity was quantitated and
reported as the fold-control change in band intensity with antibody treatment + SEM relative
to preimmune serum-treated cells after correcting for variations in actin expression and
background intensity (numbers below corresponding immunoblot data).
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Figure 7. Treatment with U0126 but not SB203580 causes etoposide resistance and
inhibits MEK phosphorylation. A. EMT6 (EMT6) and MDA-MB231 (MDA) cells were
treated with 10 or 30 uM U0126 or 10 uM SB203580 for 8 h. During the final hour of
treatment, 25-100 pM etoposide was added prior to analysis by colony forming assay. The
toxicity of etoposide in the absence of stress (CON) is also shown. Results shown are the
mean percent control cell survival £ SEM from 3-5 independent experiments. *, a statistically
significant increase in cell survival was observed in U0126-treated cells compared to CON
cells (p<0.05, ANOVA). B. Whole cell lysates from EMTG6 cells treated with U0126 or
SB203580 were analyzed by western blot using anti-MEK1 (MEK1), anti-MEK2 (MEK2),
anti-phospho-MEK1/2 (P-MEK1/2), and anti-actin (actin) primary antibodies. Results shown
are one representative blot from four independent experiments. Immunoblot band intensity
was quantitated and reported as the fold-control change in band intensity with U0126 or
SB203580 treatment + SEM relative to non-treated cells after correcting for variations in
actin expression and background intensity (numbers below corresponding immunoblot
data).
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Figure 8. Stress-induced alterations in TGF-B, PDGFRa and phospho-MEK1/2 are
dependent upon NF-kB activation. Vector-transfected (VCT) and IxBaM-expressing
(IkBaM) EMT6 cells were treated with 10 uM ponasterone A (PON) for 24 h to induce
transgenic expression. Cells were stress-treated in the presence of PON with either 10
pg/mL brefeldin A (BFA or B) for 2 h followed by a BFA-free recovery for 6 h or hypoxia
(HYX or H) for 8 h. A. Following treatment, whole cell lysates were collected and analyzed
by western blot. The resulting membranes were probed with anti-TGF-B1 (TGF-B), anti-
PDGFRa (PDGFRa), anti-MEK1 (MEK1), anti-MEK2 (MEK2), anti-phospho-MEK1/2 (P-
MEK1/2), and anti-actin (actin) primary antibodies. Basal expression of each protein in the
absence of stress (C) is shown. Results shown are one representative blot from three
independent experiments. B. Immunoblot band intensities were quantitated and reported
as the fold-control change in band intensity with stress treatment £ SEM relative to non-
treated cells after correcting for variations in actin expression and background intensity. *, a
statistically significant change in expression was observed in IxBaM cells induced with PON
compared to non-induced IxBoM cells (p<0.05, ANOVA).
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Summary and Conclusions
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Expression profiling of chemical and
physiological stress treated breast tumor
cells reveals a signaling pathway for drug
resistance throught NFkB activation, LM
Brandes, DA Stephan, K. Peterson, and KA

Kennedy,
Era of Hope Meeting 2002.

Abstract

EMT6 mouse mammary tumor cells treated with the physiological stress, hypoxia or with
brefeldin A (BFA), an inhibitor of ER-to-Golgi protein trafficking, are resistant to the cytotoxicity
of cancer chemotherapeutics that inhibit the enzyme topoisomerase Il (topoll). BFA or hypoxia
treatment cause activation of numerous stress pathways, including the ER-overload response
(EOR) which results in activation of the pleiotropic nuclear transcription factor NF-xB. Here we
show that inducible expression of a mutant lkBa protein (IkBaM) inhibits stress-induced NF-xB
activation and prevents the development of BFA- and hypoxia-induced drug resistance in a
manner dependent upon the extent of IkBaM expression. To further elucidate the mechanism
of stress-induced resistance through NF-kB activation, we have performed gene expression
analysis of BFA- and hypoxia-treated IxBaM cells using the Affymetrix GeneChip® system.
Our data show several genes are similarly regulated in the reversal of both BFA- and hypoxia-
induced resistance to topoll inhibitors, including genes involved in cell adhesion (e.g. o7
integrin, versican) and growth of breast tumors (e.g. FNK kinase, E4 glycoprotein, 4-1BBL,
MIP-2). These data suggest that these genes represent a subset of stress-regulated genes
that are likely to be involved in mediating the drug-resistant phenotype. In contrast, altered
expression of apoptosis-related genes (e.g. GADDA45, TRAF1, bcl-2, caspase-3) and genes
regulating cell cycle progression (e.g. p53, p21, cyclin E) are selectively expressed in the
reversal of either BFA- and hypoxia-induced drug resistance but not in both. Taken together,
our findings support the involvement of NF-xB activation in stress-induced resistance to topoll
inhibitors and imply activation of NF-«xB by stress results in the modulation of multiple signaling
pathways that prevent drug-dependent cytotoxicity.




INTRODUCTION

Most solid tumors are resistant to conventional cancer chemotherapies. Clinical drug
resistance is caused, in part, by physiological stresses associated with the solid tumor
microenvironment such as low pH, glucose deprivation, and hypoxia. Tumor drug insensitivity
can be reproduced in the laboratory with chemical stress agents that mimic biological stress.
We have previously shown that treatment with the chemical stress, brefeldin A (BFA), or the
physiological stress, hypoxia, causes EMT6 mouse mammary tumors to develop resistance to
the topoisomerase |l (topoll) inhibitors etoposide and doxorubicin. Stress treatment with
hypoxia or BFA is known to activate numerous stress-responsive proteins, including the
nuclear transcription factor NF-xB. To determine the role of NF-xB in stress-induced drug
resistance, we have introduced a mutant inhibitor of NF-xB, IxBa (IkBaM, S32/36A), into
EMTS cells to selectively block NF-kB activation. To further elucidate the mechanism of
stress-induced resistance through NF-xB activation, we have performed gene expression
analysis of stress-treated IkBoM cells using the Affymetrix GeneChip. Taken together, our
findings support the involvement of NF-«kB activation in stress-induced resistance to topoll
inhibitors and imply activation of NF-xB by stress results in down-regulation of genes
responsible for drug-dependent cytoxicity. These data imply that inhibition of NF-xB activation
in tumors could enhance the clinical efficacy of anticancer drugs.




MATERIALS AND METHODS

Cell Culture. EMT6 mouse mammary tumor cells provided by Dr. Sara Rockwell (Yale
University) were grown in a monolayer in Waymouth’s MB 752/1 medium with L-glutamine
(GibcoBRL, Grand Island, NY) supplemented with 15% fetal bovine serum (Sigma, St. Louis,
MO), 100 units/ml streptomycin, and 25 ug/ml gentamicin sulfate (Biofluids, Rockville, MD).
These cells were maintained in a humidified atmosphere of 5% CO,/95 % air at 37°C and
passaged every 3-4 days.

Reagents and Treatments. For chemical stress treatments, cells were incubated with
10 pg/ml brefeldin A (BFA) (Sigma, St. Louis, MO) for 2h followed by a 2h recovery in BFA-free
media (gel shift assay) or for 2h followed by a 6h recovery in BFA-free media (colony forming
assay, RNA collection) or with 60 nM OA okadaic acid (Calbiochem, La Jolla, CA) for 8h (all
experiments). For physiologic stress treatment, cells were grown in glass flasks and then
exposed to a humidified mixture of 95% N, 5% CO (certified 02<0.05ppm) at 37°C for 2h (gel
shift assay) or 8h (colony forming assay). To induce gene expression, transfected cells were
treated with ponasterone A (PON) (Invitrogen, San Diego, CA) for 24h. For cell survival
experiments, cells were treated with 10-50 pM etoposide during the last hour of stress and
PON treatment prior to colony forming assay.

Clonogenicity Assay. Following drug treatments, cells were harvested with trypsin
and serially diluted in Waymouth’s medium as previously described (Lin et al., 1998). For each
treatment, cells were in triplicate tissue culture dishes and stained with crystal violet after a 7d
incubation under maintenance conditions. For each treatment, the percent control cell survival
was determined by dividing the cell survival of drug-treated cells by the cell survival of
appropriate non-treated or solvent-treated cells.

Inducible IkBaM Transfection. To selectively block NF-kB activation, we selected
EMTS cells transfected with a phosphorylation site-deficient mutant of ixBo (IkBaM, S32/36A,
provided by Dr. Michael Karin, Univ. of Calif., San Diego) (DiDonato et al., 1996) or a control
vector lacking IkBaM (VCT) using the ecdysone-inducible expression system (Invitrogen, San
Diego, CA). The IxBaM gene was ligated into the pIND plasmid and then transfected into
EMT6 cells with the pVgRXR plasmid using lipofectamine reagent (Promega, Madison, WI) as
previously described (Brandes et al., 2001). Following selection in hygromycin (GibcoBRL,
Grand Island, NY), antibiotic-resistant colonies were expanded and screened by western blot
for inducible 1kBaM expression. Cell lines were maintained in Waymouth’s media with
hygromycin and grown in Waymouth’s media without hygromycin for 24h prior to
experimentation.

Electrophoretic mobility shift assay. EMSA (gel shift assay) was performed as
previously described (Lin et al., 1998). Following drug treatment, cells were washed in cold
PBS and lysed in 100 p! lysis buffer (10 mM HEPES, pH 7.9, 1 mM EDTA, 60 mM KCI, 1 mM
DTT, 0.5% NP-40, 0.5 mM sodium orthovanadate, 1 mM PMSF) on ice for 5 min. Cell nuclei
were separated by centrifugation at 5,000 rpm for 5 min at 4°C and then washed with 500 pl
washing buffer (10 mM HEPES, pH 7.9, 1 mM EDTA, 60 mM KCI, 1 mM DTT, 0.5mM sodium
orthovanadate, 1mM PMSF). The nuclei were then broken by three freeze-thaw cycles in an
ethanol-dry ice bath. Protein concentration was determined using the micro BCA method
(Pierce, Rockford, IL). To construct the probe, 3.5 pmole of oligonucleotide containing the NF-
kB consensus sequence (Promega, Madison, WI) was incubated with 1 pl of [-*2P] ATP (10
mCi/ml, 6,000 Ci/mmol, Amersham-Pharmacia, Arlington Heights, IL), 5 units of T4




polynucleotide kinase (Promega, Madison, WI) and 10 pl of end-labeling buffer at 37°C for 1 h.
The reaction was terminated with 90 ul 1X STE buffer (Sigma, St. Louis, MO) and then passed
through a G-25 spin column (Worthington Biochem, Lakewood, NJ). Nuclear protein extracts
(15-20 ug) were incubated with 3 pg poly dI-dC and 0.035 pmole of radiolabeled
oligonucleotide (100,000-200,000cpm) in binding buffer (10 mM Tris-HCI, pH 7.5, 50 mM NaCl,
0.5 mM EDTA, 1 mM MgCil,, 0.5 mM dithiothreitol, 4% glycerol) at room temperature for 20
min. The binding mixtures were loaded on a non-denaturating 6% polyacrylamide gel (30:1
acrylamide:bisacrylamide, 0.5 X TBE, 2.5% glycerol) and separated in 0.5 X TBE buffer at 110
Volts for 3 h. The resulting gel was transferred to filter paper, dried under vacuum pressure,
and exposed to X-ray film.

Expression analysis with the Affymetrix GeneChip. Expression profiles of stress-
treated VCT and IkBaM cells were generated using the Affymetrix GeneChip system as
previously described (MacDonald et al., 2001). Briefly, total RNA was isolated from stress-
treated VCT and cells using TRIzol reagent (Sigma, St. Louis, MO) per product insert and
converted to double-stranded cDNA using the SuperScript Choice System (Life Technologies,
Rockville, MD) and a T7-(dT).4 primer (GENSET, La Jolla, CA). Following phenol/chloroform
extraction and ethanol precipitation, cONA was converted to biotin-labeled cRNA using the
ENZO BioArray High Yield RNA Transcript Labeling Kit (Enzo Diagnostics, Farmingdale, NY)
and purified with the RNeasy mini kit (Qiagen, Valencia, CA). Purified cRNA was fragmented
in 8 ul of 5X fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 mM KOAc, 150 mM
MgOAc) at 94°C for 35 minutes. Fragmented cRNA (15 pg) was mixed with 5 pl of 3 nM
Control Oligonucleotide B2 (Affymetrix, Santa Clara, CA), 15 pl of 20X Eukaryotic Hybridization
Controls (Affymetrix, Santa Clara, CA), 3 pl of 10 mg/ml Herring sperm DNA (Fisher,
Pittsburgh, PA), 3 ul of 50mg/ml acetylated bovine serum albumin (GibcoBRL, Rockville, MD),
and 150 pl of 2X Hybridization Buffer [200 mM MES (Sigma, St. Louis, MO), 2M (Na*), 40 mM
EDTA, 0.02% Tween 20] and were incubated at 99°C for 5 min and then at 45°C for 5 min.
Probe integrity was first assessed by hybridization to a Test2 Probe Array (Affymetrix, Santa
Clara, CA) and detection with a streptavidin-labeled fluor and confocal laser scanning accoring
to the manufacturer's recommendations. Verified cRNA probe was then hybidized to the
Mu11K Muring Gene Array (Affymetrix, Santa Clara, CA). The Affymetrix software extracted
the relative fluorescence intensities from each element on the array. Data from each array
were scaled to normalize data for inter-array comparisons. The gene expression profile of
each cRNA sample was analyzed twice and compared to another profiles of another cRNA
sample by a 4-way pairwise comparison. Data shown are mean fold changes in expression
from these 4 compairsons + SEM.

Statistics. For clonogenicity assays, the results shown are the average percent control
survival rates + SEM from 3-5 independent experiments with three replicates per experiment.
Statistically significant changes in these data were determined using one way ANOVA analysis
with multiple comparisons performed using Bonferroni’s test using p<0.05 (Motulsky, 1995).




Fig. 1. Chemical or physiologic stress induces resistance to etoposide toxicity. EMT6 cells
were treated with either 10 ug/ml brefeldin A (BFA) for 2 h followed by a BFA-free recovery for
6 h, hypoxia (HYX) for 8 h, or okadaic acid (OA) for 8 h. Etoposide (10, 25 or 50 uM) was
added during the last hour of stress treatment prior to analysis by colony forming assay. The
toxicity of etoposide in non-stressed cells (CON) is also shown. Results shown are the mean

percent control cell survival £ SEM from 3-5 independent experiments.
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Fig. 2. IxBaM expression prevents stress-induced activation of NF-xB. VCT and IxBaM cells
were treated with 10 uM ponasterone A (PON) for a total of 24 h. VCT, IxBaM, and non-
transfected EMT6 cells (EMT6) were treated in the presence of PON with 10 ug/mL brefeldin A
(B or BFA\) for 2 h, followed by a BFA-free recovery for 2 h, 60 nM okadaic acid (OA) for 8 h, or
hypoxia (HYX) for 8 h (stress treatments previously shown to cause maximal NF-xB
activation). Following drug treatments, nuclear extracts from stress-treated and non-stressed
(C) cells were harvested and analyzed by EMSA using a *’P-labeled NF-xB oligonucleotide.
Specific binding of NF-kB to the probe (NF-kB), non-specific binding (N.S.) and unbound probe
(free probe) bands are indicated. The specificity of NF-xB binding was evaluated by
competition assay. Nuclear extracts from non-stressed (CON), BFA-, OA-, and HYX-treated
cells were incubated with oligonucleotide in the presence of a 50-fold excess of either
unlabeled NF-xB or AP-1 oligonucleotide (NF-kB comp. and AP-1 comp, respectively).
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Fig. 3. IxBaM expression prevents BFA- and HYX-induced resistance to etoposide. IkBaM
cells were treated with 10 uM ponasterone A (PON) for a total of 24 h. Cells were stress-
treated in the presence of PON with 10 pug/ml brefeldin A (BFA) for 2 h, followed by a recovery
in BFA-free media for 6 h (A.) or hypoxia (HYX) for 8 h (B.). Etoposide (10, 25 or 50 uM) was
added during the final hour of PON and stress treatment prior to analysis by colony forming
assay. Results shown are percent control cell survival averages of triplicate plates from at
least three independent experiments; bars, SEM. The cell survival of IkBaM cells treated with
etoposide alone is not different than that observed in VCT or EMT6 cells. There was no
statistically significant change in cell survival of non-induced IxBaM cells treated with stress
prior to etoposide treatment compared to VCT or EMT6 cells treated with stress prior to
etoposide treatment. *, a statistically significant decrease in survival of induced IxBaM cells
treated with stress was observed when compared to non-induced IxBaM treated with stress
(P<0.05, ANOVA).
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Functional Classifications of Candidate Genes
Involved in BFA-Induced Drug Resistance
5-fold and greater changes in IkBaM+PON+8hBFA compared to VCT+PON+8hBFA

tumor growth/apoptosis  protein modification

20% 12%
cell cycle
signaling - 11%
18% 42 genes total |
transcription
16%
oncogenes

cell adhesion

15% 8%




Candidate Genes Involved in the Reversal of
HYX-Induced Resistance with IkBoM

5-fold and greater changes in IkBaM+PON+8hHYX compared to VCT+PON+8hHYX

Apoptosis-Related Cell cycle control
caspase 3  (10.243.5) calcyclin (7.1£3.2)
TRAF2 (9.4£2.3) CDK inhibitor p15INK4b (7.1£2.7)
GADD45 (54£3.3) TiS21 (-5%1.3)
bel-x (-8+2.3)

Associated with tumor progression Cell adhesion
Eli-1 (6.9+4.0) madcam1 (5.2+2.8)
PAI-1 (-5.642.1)
carboxypeptidase H  (-5.7+2.3) Transcription factors
cytokeratin 19 (-30.216.8) PTX3 (-5.3+1.9)
nitric oxide synthase (-50£10.3) . junB (5+2.9)

18 genes total

Functional Classifications of Candidate Genes
Involved in HYX-Induced Drug Resistance
5-fold and greater changes in IkxBaM+PON+8hHYX compared to VCT+PON+8hHYX

cell cycle

20%

tumor growth

40%

18 genes tota

transcription

8%

cell adhesion

apoptosis 5%
27%




Candidate Genes Involved in the Reversal of
BFA- and HYX-Induced Drug Resistance with IkBoM

2-fold and greater changes in IkBaM+PON+8hHYX compared to VCT+PON+8hHYX
AND IxBaM+PON+8hBFA compared to VCT+PON+8hBFA

Apoptosis-Related Cell Adhesion
cytochrome c oxidase (2.8+0.7) alpha? integrin (-2.7£0.0)
. . . integrin-assoc. prot (-3.5+1.5
Associated with Tumor Progression CD13/aminopeptidase (_4.1113;
4-1BBL (10.1£5.3) versican (-5.642.6)
FNK ser/thr kinase (3.5¢1.1)
. HMG CoA reductase (2.940.8) h I
tumor-assoc. E4 glycoprotein  (2.9+0.7) lon Channels
MT-1 (-2.7+0.1) D3 dopamine receptor (3.0+0.9)
CD13/aminopeptidase  (-4.1%£1.9) voltage-dep. Na+ channel (2.6+0.3)
versican (-5.6+2.6) cannabinoid receptor-2 (-2.7£0.5)
MiP-2 (-12.048.1)
. Transcription Factors
Sensors of Free Radical Damage cfos ?3 9+1.3)
MTF-1 (5.611.4) Sp1 (3.5%1.1)
MT-1 (-2.740.1) krox20 (2.8%0.5)
R 4 -3.2+0.3
Protein Assembly z?érox ((_5.5 12.7))

Sec53p (-5.1£2.2)
40 genes total




Functional Classifications of Candidate Genes Involved
in Both BFA- and HYX-Induced Drug Resistance

2-fold and greater changes in IxBaM+PON+8hBFA compared to VCT+PON+8hBFA and
IxBaM+PON+8hHYX compared to VCT+PON+8hHYX

tumor growth

14%

signaling

20%

development

9%

glycosylation

40 genes ttal

cell adhesion 5%
13% protease
7%
cholesterol

biosynthesis L transcription
DNA binding

9% 79% 16%

Classifications of Candidate Genes Involved in the
Reversal of Stress-Induced Drug Resistance with lkBoM

genes involved in reversal of _genes involved in reversal of
BFA-induced drug resistance HYX-induced drug resistance
apoptosis-related apoptosis-related
cell cycle control cell cycle control
oncogenes associated w/tumor progression

genes involved in reversal of both
BFA-and HYX-induced
drug resistance

cell adhesion
associated w/tumor progression




Expression Analysis with the
Affymetrix GeneChip®

VCT+PON+STRESS
(drug-resistant)

IkBaM+PON+STRESS
(drug-sensitive) >

4

candidate genes involved
in reversal of
stress-induced resistance
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SUMMARY AND CONCLUSIONS

IxBaM expression blocks stress-induced NF-xB activation

Selective inhibition of NF-xB prevents the development of both BFA- and hypoxia-induced
resistance to etoposide

Genes that regulate apoptosis and cell cycle progression are implicated in the reversal of
either BFA- or hypoxia-induced resistance with IkBaM expression

Genes involved in the reversal of both BFA- and hypoxia-induced resistance with lkBoM

expression are primarily associated with cell adhesion and tumor growth




